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Abstract
Abstract
The plasma nitriding response of a titanium alloy (Ti-6A1-4V) has been investigated as a
function of the mode of plasma excitation, i.e. DC or Microwave. The Microwave 
Induced Plasma (MIP) was generated in a TMq i2 cylindrical cavity using a 1.5 kW
power supply operating at 2.45 GHz. DC plasma nitriding was conducted in a 40 kW 
commercial unit.
Nitriding experiments carried out in the MIP, in nitrogen-hydrogen gas mixtures at 65 to 
100 mbar pressure, established that MIP provides an excellent mass transfer medium for 
nitriding of the titanium alloy. Furthermore, significant advantages over DC plasma have 
been discerned, regarding the surface appearance (uniformity) and colour of the nitrided 
Ti-6A1-4V alloy. The most striking feature of the MIP nitrided titanium samples is the 
uniform surface appearance from the edge to the centre. Except for a very narrow band 
around the edge, the rest of the surface displays a uniform golden colour. In stark 
contrast, DC plasma nitriding results in uneven surfaces, manifested as grey/silvery rings 
around the periphery of the specimen, and a dark brown colour in the central part.
These differences have been correlated to the most pertinent plasma parameters of the two 
processes. MIP is an electrodeless plasma characterised by high operating pressure (65 to 
100 mbar), a relatively high electron (or particle) density (of the order of 1012 cm-3) and 
low electron/ion energies, typically in the range of 3-4 eV. DC plasma, on the other 
hand, operates at moderate pressures (3-5 mbar) and results in a lower ionisation 
efficiency. Further, in the DC plasma the specimen is at the cathode potential and is 
subjected to high energy ion bombardment which results in significant sputtering from the 
surface. It is argued that the severity of sputtering, especially around the edges of the 
sample, is primarily responsible for the non-uniformity of treatment in DC plasma 
nitriding.
Excessive sputtering also prevents the build up of nitrogen in the surface of titanium in the 
early stages of DC plasma nitriding. Consequently, the predominant layer forming on the 
surface is Ti2N which retards the diffusion of nitrogen. The accumulation of nitrogen on 
the surface as nitriding progresses results in the formation of superstoichiometric TiN 
exhibiting a dark brownish/reddish colour. For MIP nitriding, stoichiometric TiN, 
displaying a yellow golden colour, is the major constituent of the compound layer.
Microstructural characterisation and elemental depth profiling were conducted on nitrided 
specimens by using optical and scanning electron microscopy, X-ray diffraction, electron 
probe microanalysis (EPMA), nuclear reaction analysis (NRA) and glow discharge optical
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emission spectroscopy (GDOES). It was found that the evolution of the microstructure 
depends critically on the mode of the plasma excitation. In particular, the thickness and 
microstructure of the compound layer, diffusion zone and core were found to be 
significantly different for MIP and DC plasma nitriding.
In MIP, the partial pressure of hydrogen is about 20 times higher than that in DC plasma 
and high hydrogen transfer to the specimen is readily materialised. Hydrogen is a very 
strong p stabilising element and in appreciable quantity can lower the P transus 
temperature. Hence, even though the nitriding temperature (e.g. 800° or 900°C) may be 
below the p transus (980°C) of Ti-6A1-4V, the structure may change from an a /p  to a 
wholly p one during nitriding. The diffusion of nitrogen in p is much faster than in a , 
resulting in deep penetration of nitrogen. As the concentration of nitrogen in P increases 
it becomes unstable and reverts to a . The eventual outcome of this processes is the 
formation of a thick a-case.
The combined effect of lower hydrogen pressure in DC plasma and the diffusion barrier 
characteristic of Ti2N, which is impervious to both hydrogen and nitrogen, is a significant 
reduction in the amount of hydrogen diffusion into the surface. Consequently, no 
conversion to p phase occurs and the titanium alloy is nitrided in the original 
microstructure (a/P). The low diffusivity of nitrogen in a  means that only a shallow a ­
case will form.
Another startling feature of the MIP nitrided titanium alloy is the substantial refinement of 
the core microstructure. This aspect is also attributed to the high hydrogen pick up by the 
core. When sufficient amount of hydrogen is accumulated in the core, the p transus 
temperature drops below the nitriding temperature and the core structure is converted 
entirely to p. Upon moderate cooling after nitriding, martensitic transformation takes 
place and refines the core microstructure.
MIP nitriding provides, for the first time, an excellent means for manipulating the case 
and core microstructures of titanium alloy in a single process. While the nitrogen confers 
hardening to the surface, the hydrogen ensures deep diffusion of nitrogen and refinement 
of the core. Fortunately, the reversible nature of hydrogen dissolution in titanium alloy 
makes it possible to eliminate the detrimental embrittling effect of hydrogen by a post 
nitriding de-hydrogenation treatment.
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1. Introduction
Titanium alloys posses several attractive properties such as light weight, high strength and 
excellent corrosion resistance. However, wider application of these alloys, especially for load 
bearing engineering components operating under sliding conditions, is restricted due to poor 
tribological (friction and wear) behaviour. Titanium is a highly reactive metal, gettering oxygen 
to form an oxide film offering the acclaimed corrosion protection and resistance to stress 
corrosion cracking. Unfortunately, it is the same propensity to form oxides that leads to the poor 
tribological properties, and the alloy is highly susceptible to fretting, galling and other tribo- 
oxidative processes. The low thermal conductivity of titanium and high coefficient of friction 
exacerbate the problem, and even slight sliding contact can cause rapid microscopic surface 
damage, a precursor to macroscale deterioration of the material.
There is strong interest in surface engineering of titanium in order to ameliorate wear for heavy 
duty applications such as gears and bearings, especially in high performance cars and aerospace 
applications. Plasma surface engineering, in particular plasma nitriding, has emerged as the most 
promising solution to enhance the tribological properties of titanium alloys.
It appears that a plasma environment is an effective mass transfer medium for driving nitrogen 
into titanium. Interaction of nitrogen and titanium results in the formation of a hard and wear 
resistant titanium nitride (TiN) surface layer, a few mm thick, usually referred to as “the 
compound layer”. In addition, considerable hardening occurs when nitrogen diffuses deeper into 
the material and forms an interstitial solid solution of nitrogen in titanium.
Although significant improvement in wear resistance has been achieved after plasma nitriding, the 
shallow treatment depth still excludes the application of titanium where high Hertzian stresses are 
imposed on the component. Moreover, the use of a nitrogen-hydrogen gas mixture during 
plasma nitriding, leads to a drastic reduction (up to 40%) in the fatigue strength of nitrided 
titanium. Plasma nitriding by using a Direct Current (DC) glow discharge also causes excessive 
sputtering around the edges and comers of the component and it is impossible to achieve uniform 
treatment. There is, an urgent need to develop a nitriding process which can circumvent the 
shortcomings of DC plasma nitriding.
Microwave Induced Plasma (MIP) has been successfully introduce in a number of processes in 
the microelectronic industry such as plasma etching, oxidation and chemical vapour deposition. 
A major reason for the great surge in interest in MIP in microelectronics is that the microwave 
plasma are intense and very active because of high densities of excited species such as free 
radicals, excited atoms, ions and electrons. Another distinct advantage of microwave discharges 
compared to DC plasmas, is their ability to operate in an electrodeless mode, thereby eliminating
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process contamination due to electrode erosion. Microwave plasmas can also be sustained over a 
wide range of conditions, such as input power, pressure, gas mixtures and flow rates which 
makes them very attractive for industrial processing.
Previous work using Microwave Induced Plasma (MIP) has established its suitability for 
nitriding of commercially pure titanium (Shibutami et al., 1985). MIP nitriding was conducted in 
a silica tube reactor which restricted the specimen size to less than the diameter of the tube. 
Although the method of substrate heating was not clearly stipulated, it does appear that auxiliary 
heating in the form of induction heating was utilised. This investigation was merely a feasibility 
study and no attempt was made to compare the resultant microstructure with those obtained by 
DC or RF plasma nitriding.
Shibutami et al (1985) demonstrated that MIP could be generally categorised as a low energy 
high density plasma. Electron energy in MIP was estimated (using Langmur probe) to be around 
20 eV suggesting that they are still sufficiently energetic to induce excitement, ionisation and 
dissociation of nitrogen molecules. Further, the energy of ions was shown to be adequate to 
induce sputtering but to a lesser extent than in other plasmas. Optical emission spectroscopy 
indicated the presence of more extensive band structure than that of other discharges in the same 
gas, suggesting increased molecular excitation, ionisation and dissociation. Furthermore, it was 
stated, that active nitrogen species with long life (hence, undetectable by optical emission 
spectroscopy) existed in the microwave discharge in addition to other active species such as 
ground-state atoms, excited-state atoms, vibrational excited molecules and electronically excited 
molecules present in the after-glow. All these observations point to the fact that MIP is a very 
potent discharge for nitriding purposes.
The use of the quartz tube by Shibutami et al. (1985) is regarded as the major limitation of their 
work because it seriously restricts the size of the specimen that can be treated. Needles to say, to 
make the process industrially attractive, it is mandatory for the system to be scaled up and the 
quartz tube to be discarded. The elimination of the quartz tube also removes a potential source of 
the contamination.
The main thrust of this study was to assess the suitability of MIP for nitriding of the titanium 
alloy Ti-6A1-4V without using a quartz tube. Another important aim was to compare the 
microstructure of the titanium alloy after MIP and DC plasma nitriding. A single mode, cold wall 
stainless steel MIP reactor was designed and built to carry out nitriding experiments. The plasma 
was generated in the centre of the reactor separated from the walls. Under this condition, the 
possibility of contaminants generated as a result of interaction of plasma species and the wall was 
minimised. The specimen was immersed in the plasma and heating to nitriding temperature was 
achieved solely by MIP without any auxiliary heating. The electron energy Te and the ion density
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rij of the plasma were measured using an electric double-probe technique. DC plasma nitriding 
was conducted in a commercial unit.
In the following chapters the relevant literature is reviewed. In Chapter 2 the physical metallurgy 
of titanium and its alloys is discussed. Particular emphasis is placed on the phase diagram of the 
Ti-N system. The Ti-H system is reviewed in sufficient depth to highlight the unique role of 
hydrogen as a temporary alloying element capable of refinement of the microstructure of titanium.
A detailed account of the plasma nitriding of titanium alloy is given in Chapter 3. After 
describing different modes of plasma excitation, i.e. DC, RF and MIP, previous work 
concerning the nitriding response of titanium to different plasmas is reviewed.
Generation and transmission of microwaves is dealt with in Chapter 4. Adequate information is 
provided regarding the magnetron, the power supply and other associated accessories which are 
generally used in a MIP set up. Further, the design and characteristics of single mode cavities are 
briefly discussed.
Chapter 5 is devoted to the experimental procedures. All the technical features of the MIP system 
used in this study are thoroughly discussed. The details of specimen preparation, nitriding 
experiments, microstructural characterisation and elemental depth profiling are also provided.
The results of plasma diagnostics and microstructural characterisation have been presented in 
Chapter 6. In Chapter 7 the results are discussed and the main conclusions of this study are 
presented in Chapter 8.
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2. TITANIUM AND ITS ALLOYS
2.1. History
The existence of titanium was first recognised in 1791 by William Macgregor, an English 
amateur mineralogist, who detected the oxide of a new metal in the mineral ilmenite 
(Fe0-Ti02 ) extracted from a magnetic sand at Menachen. He called the element 
Menachin. Around the same time in Germany, Klaproth was investigating the mineral 
now known as rutile. He concluded that it was the oxide of a new element which he 
called titanium after the Titans of mythology (McQuillan, 1956).
An impure sample of titanium was first isolated in 1825 but it was not produced in any 
quantity until 1937 when Kroll, in Luxembourg, reacted TiCL|. with molten magnesium 
under an atmosphere of argon. This opened the way to the industrial exploitation of 
titanium (Polmear, 1981). Alternative routes for extraction of titanium are by reduction of 
TiCl4  with sodium by the Hunter process and by electrolytic reduction by the Dow-
Howmet process. The final product of the reduction process is a porous spongy material 
known as titanium sponge (Donachie, 1982).
Stimulus for the development of titanium alloys during the past 30 years came initially 
from the aerospace industries where there was a critical need for new materials with 
higher strength to weight ratios at elevated temperatures. The high melting point of 
titanium (1678°C) was taken as a strong indication that the alloys of this material would 
show good creep strengths over a wide temperature range.
Nowadays, almost 80-90% of the total production of titanium alloys is used in the 
aerospace industries. In the gas turbine, for example, titanium alloys are used for 
compressor blades, discs and casings, hot air and by-pass ducts, engine forgings and 
bolts. In airframes they are used as wing leading edges and flap tracks, etc. (Lenning, 
1973). More recently, the importance of these alloys as corrosion resistant materials has 
been appreciated by the chemical industry. Additionally, the medical profession uses 
titanium alloy prostheses for implanting in the human body (Polmear, 1981).
2.2. Physical Characteristics
Titanium has a density of 4.50 gem-3, only about 60% of the density of iron, and titanium 
alloys have densities in the range 4.42-4.84 gem-3, depending on the type and amount of 
the alloying elements. Pure titanium has excellent aqueous corrosion resistance and 
although its alloys are not as resistant as pure titanium, they too show a high degree of 
corrosion resistance.
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Titanium has a number of features that distinguish it from the other light metals and make 
its physical metallurgy both complex and interesting. For instance;
(i) Titanium, like other metals in the fourth column of the periodic table such as 
zirconium and hafnium, undergoes an allotropic transformation at 882°C from a low 
temperature, hexagonal close-packed structure (a) to a body-centred cubic (p) phase that 
remains stable up to the melting point. This transformation offers the prospect of having 
alloys with a , p or mixed (a  +p) microstructures. In an analogous manner with steel, 
titanium is amenable to heat treatment with the possibility of extending further the range 
of microstructures that may be formed.
(ii) Titanium is a transition metal capable of forming solid solutions with most 
substitutional elements having a size factor within ±20 %. This ability arises from the 
fact that titanium has an incomplete d shell in its electronic structure.
(iii) Titanium and its alloys have high affinity for interstitial elements such as oxygen, 
nitrogen and hydrogen.
(iv) Titanium may form compounds with other elements that exhibit metallic, covalent or 
ionic bonding.
2.3. Classification of Titanium Alloys
Titanium alloy phase diagrams are often complex and many are unavailable. However, it 
has been established that the alloying of titanium is dominated by the ability of solute 
elements to stabilise either of the a  or the p phases. Examination of the titanium-rich 
sections of pseudo-binary systems, reveals that three simple types of alloys are possible:
(i) Elements that dissolve preferentially in the a-phase, e.g. aluminium, oxygen, 
nitrogen, carbon and gallium, expand this field and raise the temperature of the a/p 
transition, Fig. 2.1a.
(ii) Zirconium, tin and silicon have extensive solubility in both the a  and P phases and 
are, therefore, regarded as neutral in so far as their effect on phase stability is concerned. 
These elements, however, retard the rate of allotropic transformation and are potent solid 
solution strengthening elements.
(iii) Elements which depress the a/p transus and stabilise the p-phase may be classified 
in two groups: those which form binary systems of the P-isomorphous type, Fig. 2.1b, 
and those which favour the formation of a p-eutectoid, Fig. 2.1c. p-isomorphous means 
that the solubility of the element in titanium in the P form is unlimited, p-eutectoid means 
that an eutectoid reaction occurs between P and a . The most common p-isomorphous
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elements are Mo, W, V and Ta. Elements belonging to p-eutectoid group are Cu, Mn, 
Cr, Fe, Ni, Co and H.
The phase stability can be predicted, to some extent, by the crystal structure of the 
alloying element. For example, body-centred cubic elements would be expected to 
stabilise p. More importantly, however, the number of bonding electrons, i.e. the group 
number, of the element concerned dictates its influence on the stability of the phases. 
Generally speaking, alloying elements with electron/atom ratios of less than 4 stabilise the 
a-phase, elements with a ratio of 4 are neutral, and elements with ratios greater than 4 are 
p-stabilising (Polmear, 1981).
(a) a-stabilisers (b) p-isomorphous (c) p-eutectoid
(Al, O, N, C and Ga) (Mo, W, V and Ta ) (Cu, Mn, Cr, Fe, Ni, Co and H)
Fig. 2.1. Basic types of phase diagrams for titanium alloys 
(after Polmear, 1981).
The dotted phase boundaries in (a) refer specifically to the Ti-Al system. The dotted lines 
in (b) and (c) show the martensite start (Ms) temperatures.
In practice, ternary alloys are normally used and by control of the above alloying 
elements, alloys are produced which can be classified as a alloys, p alloys and a+p 
alloys. The principal aerospace alloys, for example, are Ti-6A1-4V, Ti-8Al-lMo-lV, Ti- 
5Al-2.5Sn, Ti-6Al-2Sn-4Zr-2Mo and Ti-6Al-6V-2Sn, which are a or a+P alloys, and 
Ti-13V-llCr-3Al, which is a beta alloy (Donachie, 1982).
2.4. Microstructure and Properties of Titanium Alloys
Alpha alloys, having a completely a microstructure at room temperature, are strong and 
have good properties at high temperature, but are difficult to work with. On the other 
hand, P alloys with a totally p microstructure, after cooling from the solution treatment 
temperature, are easier to fabricate but are weaker and have poor high temperature 
properties, a+p alloys contain both phases in the microstructure at room temperature and 
have intermediate properties.
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The kinetics of the (3 to a  transition on cooling governs the microstructure and properties 
of titanium and its alloys (Brooks, 1982). Slow cooling from the (3 phase field allows 
precipitation of the a  phase by nucleation and growth. In the case of pure or 
commercially pure titanium, this results in a microstructure at room temperature 
consisting entirely of large, irregular a  grains. In alloys containing (3 phase stabilising 
elements, a grain boundary network of the a  phase is formed with a  phase 
transcrystalline lamellae of a  within the grains. Some |3 may be retained between the a 
plates.
2.4.1. a+(3 Alloys
To put the behaviour of a+|3 alloys into perspective, consider the schematic diagram in 
Fig. 2.2. At low concentrations of alloying element, the a  phase will form upon slow 
cooling from the (3 region. But with sufficient alloy content, the two-phase structure 
a+P, with the a  phase rich in titanium and the P phase rich in alloying element, will be 
present. The amount of p phase and the overall strength of the alloy increases with 
increasing alloy content. This treatment, i.e. slow cooling from the P phase is sometimes 
called annealing.
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Alloy content
Fig. Schematic diagram summarising the wide range of properties that can be 
developed in titanium alloys after different heat treatment.
(after Brooks, 1982).
In pure titanium or a  alloys, it is not possible to completely suppress the p to a  
transformation, even with rapid cooling. On quenching, the a  forms from the P by a 
diffusionless shear transformation to produce martensite or a '. The room temperature 
structure consists entirely of serrated a  grains.
The addition of P stabilising elements lowers the martensite start (Ms) and finish (Mf)
temperatures and separates them as shown in Fig. 2.2. As long as the alloying content is 
such that the resulting Mf is above 25° C, then a completely martensitic a ' structure is
produced on rapid cooling from the P field. The strength of such a structure is slightly 
higher than that of an annealed structure because of the dislocation structure induced by 
the volume change upon transformation and the fineness of the structure. However, it 
should be pointed out that the solute present in the supersaturated a ' phase is 
substitutional. Hence, the degree of distortion and strengthening accompanying 
martensite formation is small, unlike in steel where the solute is interstitial.
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If the alloy content is sufficient to push the Mf temperature below 25°C, then some p
phase is retained at room temperature after quenching. And if the alloy content is high 
enough for Ms to also be below 25°C, then the structure is entirely retained p phase at
room temperature. The minimum individual additions for complete retention of [3 at room 
temperature after quenching are Mn 6.5% , Cr 4%, Co 7% , Ni 8% , Cu 13% and V 20% 
(Brooks, 1982). Since, in such circumstances, the |3 phase has the alloy composition and 
not the equilibrium concentration, it is not stable and the alloy is termed a metastable p 
alloy. Manipulation of the ageing temperature and time should allow control of the aged 
structure, and hence the properties. Such treatments lead to significant strengthening, as 
shown by the shaded region in Fig. 2.2.
In this project, Ti-6A1-4V or (IMI 318), an a+p alloy has been used and will be 
discussed in more detail in the following section.
2.4.2. The Commercial Alloy Ti-6A1-4V
Ti-6A1-4V, or IMI 318 as it is known in the aerospace industry following the 
specification devised by the original manufacture (IMI), is an a+p alloy containing 6% A1 
and 4% V. It combines good strength and toughness with excellent corrosion resistance 
and is the most widely used titanium alloy, accounting for 45% of production. 
Commercially pure titanium accounts for 30% and all other alloys comprise the remaining 
25% (Donachie, 1982). The main areas of application in the aerospace industry are in 
aircraft-turbine and compressor blades and disks, and a notable non-aerospace application 
is as surgical implants.
The Ti-6A1-4V alloy is machinable in the annealed condition and is easily hot worked, 
since the presence of vanadium leads to a greater amount of more ductile bcc p phase at 
high temperatures. The aluminium stabilises and strengthens the a  phase, so raising the 
P transus to 995 ±15°C (IMI, Titanium Ltd.) in addition to reducing the density to 4.42 
gem’ (at 29°C) and improving the corrosion resistance. Aluminium, although an a 
stabiliser, also has considerable solubility in p solid solutions containing transition 
elements such as vanadium. Consequently, a metastable P phase may be achieved in 
ternary alloys like Ti-Al-V at fairly low concentrations of the costly transition elements 
(Brooks, 1988). In ternary Ti-Al-V alloys, it is not apparent what the stabilising effect 
will be with both A1 and V present. However, it is expected that if both phases are 
present, the A1 will tend to segregate in the a, and the V in the p.
The properties of Ti-6A1-4V alloy are developed by relying on the refinement of the 
grains upon cooling from the P region, or the a+P region, and subsequent low-
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temperature ageing to decompose the martensite formed upon quenching. In order to 
appreciate the influence of the heat treatment on the microstructure and properties of this 
alloy one must examine the isothermal sections for the Ti-rich region of the Ti-Al-V 
ternary phase diagram, as illustrated in Fig. 2.3 (Farrer, 1961). The composition 
corresponding to 6% Al-4% V is shown by the open circle.
Fig. 2.3. Isothermal sections o f the Ti-rich region o f the Ti-Al-V phase diagram at 
1000, 900 and 800 °C (after Farrer, 1961).
At 1000°C or above the alloy is all p, but at temperatures below this, 900° and 800°C, 
both phases are present. The chemical composition of each phase can be determined at a 
given temperature only if the “tie line” is known. In Fig. 2.3, the tie lines are assumed to 
be those given by the dashed lines. Since the 6% Al-4% V composition lies near the 
three-phase oc-p-y triangle, it is reasonable to assume that the tie line will be 
approximately parallel to the side of the triangle, as shown. Note that upon cooling from 
1000 to 800°C the A1 content of the a  phase remains constant at about 6%. The p phase, 
though, dissolves considerable V, the amount increasing to about 14% at 800°C. A mass 
balance calculation (lever-rule) gives at equilibrium approximately 57% a  phase and 43%
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P phase at 900°C, and about 83% a  and 17% p present at 800°C. Thus, upon slow 
cooling, the amount of a  increases.
When Ti-6A1-4V alloy is slowly cooled from the P region, the a  begins to form below 
the P transus, which is about 980°C. The a  phase precipitates with a crystallographic 
relationship to the p in which it forms, such that the basal (close-packed) planes of the a  
would be parallel to the close-packed (110) plane of the p. Because of the close atomic 
matching along this common plane, the a  phase thickens relatively slowly perpendicular 
to this plane but grows faster along the plane, thus, plate-like or lamellar structures are 
developed. Since in a given P grain there are six sets of non-parallel {110} planes, then 
the structure of a  plates is formed consisting of six non-parallel sets. This 
microstructural morphology consists of these sets of parallel plates which have formed 
with a crystallographic relationship to the phase from which they formed. This is called a 
Widmanstatten structure, named in honour of a German scientist who observed a similar 
structure in Fe-rich, Fe-Ni meteorites.
A typical microstructure demonstrating the plate-like or Widmanstatten morphology is 
presented in Fig. 2.4. The microstructure consists of parallel plates of a  delineated by 
the p (dark regions) left between them. Where a  plates formed parallel to one specific 
(110) plane of the p intersect plates formed on another (110) plane, a high-angle grain 
boundary exists between the a  crystals which etches to reveal a line separating them.
( X 5 0 0 )
Fig. 2.4. Typical Widmanstaten structure obtained in cc+fi alloy 
(Ti-6Al-4V), after slow cooling from above the transus (IMI Titanium).
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The evolution of Widmanstatten morphology is shown schematically in Fig. 2.5, using a 
constant-composition section (isopleth) at 6% A1 from the ternary phase diagram to 
illustrate the formation of the a  upon cooling.
Fig. 2.5. Schematic illustration o f the evolution o f Widmanstaten morphology in the 
Ti-6Al-4V alloy, after slow cooling from above the ¡5 transus (after Brooks, 1982).
The Widmanstatten structure has poor ductility and hence most applications call for the 
alloy in the annealed condition. A typical annealing treatment involves soaking at about 
700°C, followed by air cooling. Annealing results in microstructures similar to that 
shown in Fig. 2.6, with small amounts of spheroidal (3 in an a  matrix 
(IMI Titanium Ltd).
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(X500)
Fig. 2.6. Micro structure of IM I318 after annealing at 700 °C, followed by air cooling.
2.5. Wear Resistance of Ti Alloys
Titanium alloys have found little use in general engineering applications. The main 
technological reason for this lack of engineering use is the poor wear resistance of the 
material, which may be attributed to a combination of three main features (Bell, 1994).
(i) The oxide film formed on titanium alloys at ambient temperatures in air is both thin 
and weak. When in contact with another metal surface, the oxide film is removed from 
asperities which allows metal-to-metal contact, which in turn leads to cold welding 
(Rowe, 1956).
(ii) The reactive nature of titanium adds to the problems occurring in areas of metal-to- 
metal contact.
(iii) The slip system of hep metals ideally occurs only on the basal plane. a-Ti, 
however, has a less than ideal c/a ratio which allows prismatic and pyramidal slip to occur 
(Rosi, 1952).
It is generally accepted that there are four basic mechanisms of wear of metals: adhesive 
wear, abrasive wear, fatigue wear and corrosive wear - to which may be added fretting as 
a special case of some importance. However, in practice, a combination of more than one 
of these mechanisms can occur. The dominant process in the case of titanium is adhesive 
wear, leading to seizure and galling ( Lanagan, 1988).
3 0 0 0 9  0 3 2 5 4 1 6 7  9
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In adhesive wear, when the microscopic asperities present on the two surfaces collide 
as a result of relative sliding, they tend to weld together forming a bond at the junction 
which has a rupture strength greater than the strength of the underlying metal. Fracture 
then occurs in one of the asperities, resulting in transfer of material from one contacting 
surface to the other. As rubbing proceeds, some of these welded asperities tend to break 
loose from both surfaces to form wear debris which accelerates the wear process. This is 
the principal mechanism of wear when one of the contacting surfaces is titanium. The 
common propensity of titanium to ‘smear’ during metallographic preparation is another 
aspect of the same phenomenon. Strong affinity of titanium for elements such as carbon 
and oxygen which are usually present on engineering surfaces results in strong adhesion 
of titanium to other surfaces, leading to poor tribological properties, i.e. high friction and 
high wear.
Abrasive wear, on the other hand, is the type of wear process in which material from 
one surface is removed or displaced by a harder material which may be present either as 
hard asperities on the other surface or as loose hard particles. Here the hard material cuts 
or displaces the softer material as it moves across the surface. In the case of titanium 
alloys, abrasive wear generally plays only a small part in the wear process
Fatigue wear occurs as a result of fatigue damage to a surface layer when it is subjected 
to cyclically repeated stress at a high level. Cracks appear in the surface layer and lead to 
loss of material from the surface, usually by spalling or delamination. This type of wear 
would only occur in titanium when contact was principally by rolling rather sliding, as for 
instance in gears or roller bearings.
Corrosive wear is a type of wear in which corrosion plays a significant role, and is not 
generally an important degradation mechanism for titanium because of its excellent 
corrosion resistance.
Unfortunately, the poor tribological properties of titanium alloys seriously restrict their 
wider application in situations where high contact loads or fatigue wear are involved such 
as gears. To enhance the tribological properties of titanium, in particular, to reduce the 
extent of adhesive wear, the surface characteristics must be modified through the 
application of a suitable surface engineering technology.
2.6. Surface Engineering of Ti Alloys to Combat Wear
The majority of engineering failures arise from deficiencies of the surface in dealing with 
fatigue, friction, wear, corrosion, electrical and thermal contacts etc. The surface is the 
only part of any component which has to coexist with the external environment such as 
contacting surfaces and chemical attack. In this regard, designers should choose the bulk
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material from the standpoint of structural and economic criteria and the surface material to 
deal with the external conditions. Surface technology deals with the methods for 
achieving the desired surface requirements and their behaviour in service (Hailing, 1985).
Bell (1987) has given the definition of surface engineering as follows:
The application o f traditional and innovative surface technologies to 
engineering components and materials in order to produce a composite 
material with properties unobtainable in either the base or surface material
The current portfolio of surface engineering technologies provides a wide variety of 
coating and surface modification treatments which are capable of greatly enhancing the 
performance of titanium alloys in wear situations ranging from the lowest to the highest 
loads.
In order to reduce the extent of adhesive wear, it is necessary to reduce the frictional 
tendency of asperities to weld to the other metal. With many common metals, this can be 
achieved by reducing the chemical activity of the surface either by lubrication or by means 
of a chemical conversion coating. It has been shown, however, that with titanium based 
materials lubrication alone is not adequate. It therefore becomes necessary with titanium 
to introduce a discrete barrier layer, whereby keeping the two surfaces physically apart. 
As a general rule, the material of the barrier should be harder, often very much harder, 
than the substrate. This statement does not hold universally, and an important exception 
is the case of fretting, which may be minimised by introducing a soft barrier layer. A two 
phase material containing both hard and soft constituents may also be effective. 
Nevertheless, it is a useful general guide that improving the wear resistance of titanium 
requires a hard film or coating or else a hardening of the surface of the parent material 
itself.
For any given choice of barrier layer, the thickness needed will be strongly dependent on 
the load which is applied normal to the surface during the wear process. As the load is 
increased, the depth of hardening or thickness of the coating has to be increased.
It is equally important to ensure that there is mechanical compatibility between the various 
different surface layers in order to avoid cracking of the coating or substrate or 
decohesion between the two. To this end, it is necessary to avoid as far as possible any 
sharp change in Young’s modulus or proof stress. The shape of the hardness profile 
through the surface engineered layers is therefore important and should be as smooth as 
possible. The diffusional processes such as nitriding, naturally tend to yield a gentle 
hardness profile. In contrast, hard coatings are invariably separated from the substrate by
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an abrupt change in hardness. This sharp transition inevitably provides a weak position 
in the system.
The principal types of surface engineered layers that may be applied to titanium or 
titanium alloys are summarised in Table 2 .1 . All those listed are harder than the 
substrate material. The thickness of the coating or hardened layer is indicated by the scale 
at the side. Thermochemical processes are relevant to the experimental results reported in 
this project and hence some of the more important aspects of research in this area is 
covered below.
Table 2.1. Principal types of surface engineering technologies typically used to enhance
the tribological properties of titanium alloy
Typical Surface Engineering 
T echnologies
Thickness of 
Modified Layer
( |L i m )
(i) Film Deposition
Physical Vapour Deposition 1-10
Chemical Vapour Deposition 1-40
Electroplating 1-100
Electro-less Plating 10-100
Plasma & Flame Spray 50->1000
(ii) Surface Modification
Ion Implantation 0.1-1
Carburising 200->1000
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Hard layers can be produced by a number of different techniques which can be broadly 
divided into two categories; ( i ) film deposition; ( i i ) surface modification.
(i) -There are several film deposition techniques including plasma spraying, electroplating, 
fused salt electrolysis, chemical vapour deposition (CVD) and plasma enhanced CVD 
(PECVD), physical vapour deposition (PVD), plasma enhanced PVD (PEPVD) or 
(plasma activated or assisted PVD (PAPVD)).
(ii) -Surface modification techniques include spark-hardening, laser-induced surface 
hardening, ion implantation and plasma flame-hardening processes (Upadhya, 1991) and 
thermochemical processes. Surface treatment by low energy ion bombardment produced 
by a glow discharge is one of the thermochemical surface treatment methods for 
improving the mechanical properties and the wear and corrosion resistance of metals. This 
technique is called plasma heat treatment and has been used mostly for plasma nitriding, 
plasma carburising, plasma boronising and plasma titanising of ferrous materials ( Rie, 
1985).
2.7. Nitriding of Titanium Alloys
Thermochemical heat treatment of titanium alloys may be carried out using any of the four 
states of matter- solid, liquid, gas and plasma. Temperatures between 800° and 1000° C 
are adopted for titanium based alloys (Bandi, 1988). Interstitial elements such as oxygen, 
carbon, boron and nitrogen are very strong a  stabilisers. Among these elements, 
nitrogen has the greatest strengthening effect and thus the nitriding of titanium has 
received more attention than the inclusion of any other interstitial species.
According to Bell (1994), conventional thermochemical processes involving the 
introduction of carbon via a gaseous medium (Griest, 1954), oxidation, nitriding, 
carburising and boronising (Hanzell, 1954) were all investigated some 40 years ago. 
However, these processes were substantially disregarded because oxidation produced 
excessive scale and brittleness. Carburising and boronising produced hard surface layers 
but had very shallow case depths. However, it was concluded that nitriding in purified 
nitrogen at between 880 and 1100 °C was the most promising of the treatments. It 
yielded relatively deep cases of around 70 jim and a surface Vickers hardness of about 
800 HV. These results led to a number of more detailed studies concerning the gas 
nitriding of titanium (Wyatt-1954, Mitchell-(1964-1965), Cuthill- 1960, Rolinski-1988, 
Pokhmurskii- 1969, Weltzin-1968, Zou-1982). More recently boronising has been re­
examined and has shown promise with respect to wear resistance (Treheux-1984, 
Rowntree-1985). However, these thermochemical processes have only met with limited
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success because of long treatment times (Wyatt), high treatment temperatures (Hanzell- 
1954, Rowntree-1985) and the non-uniformity of the surface microstructures. Problems 
associated with poor ductility (Mitchell) and significant reductions in the fatigue limit 
were also experienced (Mitchell, Weltzin, Treheux).
Other thermochemical processes recently investigated have involved the diffusion of 
copper, nickel, silicon or aluminium into titanium substrates. The latter two processes 
were studied for possible application as oxidation-resistant coatings rather than for wear 
resistance. Copper diffusion treatment by ion plating and diffusion annealing produced a 
surface layer of Ti2 Cu, below which there was a layer of TisCu and a diffusion zone. 
The Ti2 Cu layer has been shown to perform as well as a plasma-nitrided titanium alloy 
under certain conditions of wear (Salehi, 1990).
2.7.1. Gas Nitriding
The features of the gas nitriding of titanium in ammonia (Wyatt, 1945) and in nitrogen 
(Hanzel, 1954) have been studied. Gas nitriding in ammonia was investigated at 
temperatures between 755-925°C and for processing times between 4-96 hr.(Wyatt, 
1954). In the ammonia nitriding process the three inter-related parameters are 
temperature, time and gas composition. With an increase in the duration of nitriding, 
diffusional growth may result in the formation of several layers. The phases within this 
diffusion couple will be dictated by the equilibrium phase diagram. Depending on the 
alloy’s composition, processing temperature (Inal, 1990), gas pressure and gas 
composition (Tesi, 1987), as many as four phases may exist in this couple: 8-TiN, e- 
Ti2N, a-Ti[N} and |3-Ti[N]. The last two phases are in fact solid solution of nitrogen in
the two allotropic forms of titanium (Inal, 1990). A more detailed description of the 
phases present in Ti-N system has been given in section 2.8.
2.7.2. Salt Bath or Liquid Nitriding
Nitriding of titanium alloys in a cyanide bath containing 35-40 wt.% cyanide has been 
carried out in order to increase the surface hardness of the alloys (Mitchell, 1964). The 
major limitation involved in this process is the dissolution of titanium alloys in molten 
cyanide by the active constituent of sodium cyanate. Sodium cyanate is progressively 
formed in the cyanide bath by the oxidation of the cyanide. The rate of dissolution 
increases with temperature and cyanate concentration. However, it has been claimed that 
a treatment temperature of 800°C can give a low dissolution rate and a reasonable case 
depth. The layer formed on all alloys is a solid solution of nitrogen in a-titanium.
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However, it has been indicated that oxygen is the major interstitial element in the case and 
not nitrogen.
A number of salt bath treatments were developed for titanium in the early 1970’s, but the 
process which has withstood the test of time appears to be the Kolene corporation’s 
“Tiduran” process (Finnem, 1971). In this process, the titanium component is immersed 
in a cyanide-based bath at 800°C. Carbon and nitrogen diffuse into the material to 
produce a carbon and nitrogen rich solid solution. In spite of its clearly beneficial effect 
on the wear behaviour of titanium, the Tiduran process is still not used on a wide scale 
industrially. It is however, used on screws and other fasteners and on a number of parts 
in high performance cars and engines and in space vehicles. Unfortunately no detailed 
account of “Tiduran” treatment is available in open literature and it is not at all clear how it 
could be distinuished from other treatments.
2.7.3. Plasma Nitriding
Plasma nitriding has overcome many of the processing problems of the nitriding 
processes previously used. Plasma nitriding is a method of surface hardening using glow 
discharge technology to create first atomic nitrogen by direct ionic dissociation of 
molecular nitrogen and secondly to introduce atomic nitrogen, by a diffusion mechanism, 
into the surface of heated metal parts (Gissler, 1992). Using nitrogen- or ammonia-based 
plasmas, increased processing rates are achieved (Rie-1985, Michel- 1972, Konuma- 
1977) and processing temperatures as low as 350°C are possible (Miyagi, 1980), 
although treatment temperatures between 700° and 1000°C are more usual. The increased 
processing rates are attributed to the removal by plasma sputtering of the passifying 
surface oxide film found on titanium alloys, which usually acts as a barrier to nitrogen 
mass transfer
The microstructure resulting from plasma nitriding, which produces thin compound 
layers 2-10 pm, reveals TiN at the surface and Ti2 N below this. After nitriding at higher 
treatment temperatures or for longer treatment times at lower temperatures, an a  case, the 
solid solutions of nitrogen (diffusion layer) is formed in alpha titanium, to about 50 pm 
even in non-a-titanium alloys. The diffusion layer, which is the thicker part of the 
nitrided layer, shows a nitrogen content which decreases moving towards the matrix 
starting from a maximum of 25 at.% (Badini, 1988).
The TiN compound layer has a Knoop hardness of up to 4500 HK and the Vickers 
hardness of the diffusion zone varies with nitrogen content from about 800 HV to the 
substrate hardness.
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A reduction in impact strength of Ti-6A1-4V alloy is observed following plasma nitriding, 
but treatment temperatures up to 850°C do not result in any loss of tensile strength or 
ductility. Reductions in fatigue strength result from plasma nitriding of titanium but 
process optimisation can minimise this problem (Lanagan, 1989). The treatment 
temperature, treatment gas composition and pressure all affect the composition and 
thickness of TiN layer, with the greatest thickness of TiN produced in N2 -Ar mixtures 
(Brading, 1992). The good corrosion resistance of titanium alloys is, on the whole, 
unaffected by plasma nitriding. This is because the passivating oxide film which exists 
on titanium alloys is also present on the surface of nitrided titanium alloys (Brading-1992, 
Hibbert-1992).
The plasma nitriding of titanium has again been reviewed in section 3.6.2 to emphasise 
the role of the mode of plasma generation on the nitriding behaviour.
2.8. Ti-N System
The high hardness and low coefficient of friction of TiN make it a desirable material as a 
wear-resistant coating on cutting tools and as a tribological coating for components 
subject to sliding wear (Hibbs, 1985). Also, the aesthetically pleasing gold colour of TiN 
has ensured its widespread use as a decorative coating. In microelectronic applications, 
TiN is utilised as a thermally stable Schottky-barrier contact and as a diffusion barrier in 
multilayer Ohmic contact structures (Pang, 1994). It is, therefore, not surprising that 
technical interest in the exceptional properties of titanium nitride has fostered considerable 
work on the phase relationships and phase stabilities in the Ti-N system.
The phase diagram of the Ti-N system, Fig. 2.7, was first studied by Palty et al. (1954). 
This phase diagram was then modified, in the region of 20 to 40 at.% nitrogen, by 
Holmberg (1961), McClaine and Coppel (1965), McDonald and Wallwork (1970) and 
Toth (1971). Molarious and Korhonen (1985), incorporated the modifications suggested 
by McClaine and Copple's, and compiled the most widely referred to phase diagram as 
shown in Fig. 2.8.
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Fig. 2.7. Titanium -Nitrogen phase diagram (after Palty , 1954)
Fig. 2.8. Ti-N phase diagram (after Molarius , 1985).
While the titanium-rich side of the phase diagram remained fairly unchanged, the
solubility and stability ranges of e (epsilon ) and 5 (delta) phases were the major concern
of most of the studies undertaken on this system. The findings of these studies were
Chapter Two Titanium 22
critically assessed by Wriedt and Murray (1987), and resulted in a slightly revised version 
which was subsequently adopted for publication in "Binary Alloys Phase Diagram" edited 
by Massalski in 1986. This revised version is shown in Fig. 2.9.
The equilibrium solid phases of the Ti-N system are: (1) the solid solution of nitrogen in 
hep a-Ti which will be hereafter referred to as a-Tipsj], (2) the solid solution of nitrogen 
in cubic allotrope referred to as (3-Ti[N], (3) the tetragonal nitride 8-Ti2N, (4) the fee 
nitride 8-TiN and the bet nitride S'-TiNo.s. Moreover, recently the existence of two new 
phases, zeta nitride £-Ti4N3_x and eta nitride r|-Ti3N2_x were revealed by Lengauer
(Lengauer, 1986). Lengauer, based on the Ti-N system compiled by Wriedt and Murray
(1987) and the results of his own studies, suggested a new phase diagram, Fig. 2.10, 
consisting of well known equilibria as well as these two new phases (Lengauer, 1991). 
The stability and solubility ranges of all the phases known in the Ti-N system are 
discussed in the following sections.
Weight Percent Nitrogen
Fig. 2.9. Revised Ti-N phase diagram (after Wriedt and Murray, 1987)
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Fig. 2.10. Complete equilibrium phase diagram o f the Ti-N system constructed from  
the compilation o f Wriedt and Murray and the results ofLengauer study for the 
subnitride region ( after Lengauer, 19 91).
2.8.1. oc-Ti[N] and p-Ti[N]
The a  phase, as reported by Palty (1954), extends up to the limiting concentration of 22 
at.% nitrogen, but Toth (1971) has quoted a slightly higher solubility limit approaching 
about 25 at.%. According to Palty's phase diagram, the transformation and melting 
point of titanium are sharply elevated by nitrogen additions. This is predictable owing to 
the a  stabilising effect of interstitial nitrogen. The P phase is formed by a peritectic 
reaction: L (3.85 at.% or 1.2 wt.% N) + a  ( 12.85 at.% or 4 wt.% N) ===> P (6.43 
at.% or 2 wt.% N) at 2045°C. The solubility of nitrogen in p titanium decreases from 
6.43 at.% at peritectic temperature, to almost 0% at the a  to p transition temperature of 
885 °C. The a  phase is also formed by the peritectic reaction : L(16 at.% or 5 wt.% N) + 
8 (32.4 at.% or 10 wt.% N) ===> a  (22.5 at.% or 10 wt.% N) at 2375°C.
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2.8.2. 8-TiN
5-TiN crystallises in the rock-salt (NaCl) structure with a space group denoted by Fm3m. 
It shows a wide range of under-stoichiometry with limiting values of nitrogen reported as
27.5 at.% (Palty, 1954), 29.5 at.% (Erlish, 1949), 30 at.% (McClaine, 1965) and
37.5 at.% (Holmberg, 1962). The crystallographic investigations (Nagakura, 1975 and 
Christensen, 1977) are in good agreement and have shown that the lattice parameter of 8 - 
TiN varies continuously with nitrogen concentration from 4.17 to 4.24 A over the 
complete homogeneity range.
According to Etchessahar (Etchessahar, 1987), the 8  nitride has a large deviation from 
stoichiometry. For instance, at 2000°C it exists up to TiNo.4  when it is in equilibrium 
with the a  solid solution. Even at stoichiometric composition an appreciable number of 
both metallic and nitrogen vacancies may be present (Toth, 1971). Because of this 
compositional variation, the physical and chemical properties of TiN vary substantially. 
For example, the resistivity of TiN ranges from 25 to 800 p£2cm, as the nitrogen to 
titanium content ratio ranges from 0.4 to 1.2 respectively (Burrow, 1986). The colour of 
TiN are also reported to be a strong function of nitrogen content (Perry, 1985).
Titanium nitride coatings deposited by PVD technologies have shown Knoop hardness 
variations with stoichiometry, with a maximum of 4000 HK at about TiNo.7  reported by 
Cheallier et al.(1981) whereas Sundgren (1983) reported a peak hardness of about 2000 
HV for the stoichiometric TiN. These differences are associated with differences in 
deposition technique, hardness measuring technique, purity and grain size, and are not 
unusual. Titanium nitride retains its hardness and chemical stability to high temperatures. 
The friction coefficient of titanium nitride is low against many counterfaces (Hinterman, 
1982), hence, its widespread application as a hard and wear resistant coating.
Titanium nitride is an electrical conductor with a conductivity reported to be twice that of 
titanium and is also a superconductor with a Tc value of 5 K (Christensen, 1977). The 
combination of high conductivity and resistance to aluminium migration makes titanium 
nitride attractive as a thin film diffusion barrier between aluminium and silicon or silicide 
contact points in semiconductor device processing (Burrow-1986, and Laidani-1989).
2.8.3. 8-Ti2N
The £ phase has a tetragonal structure (a=4.9452 A  , c= 3.0342 A) with the nitrogen 
atoms in the tetragonal unit cell located at (0 ,0 ,0 ) and ( 1/2 ,1 /2 ,1 /2 ) positions and titanium 
atoms at (x,x,0), (l/2+x,l/2+x,-l/2) and (l/2-x,l/2+x,l/2) where x=0.296 (Holmberg, 
1962). The 8  phase exists over a very narrow range of homogeneity, close to the
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stoichiometric composition of Ti2 N. Holmberg (1962), has suggested the solubility 
range of £ phase to be 33.3 at.% (max) and 32 at.% (min) at 900°C. McClaine et al. 
(1965) gave the upper limit of stability at 1000°C, but offered no opinion regarding the 
stoichiometric deviation. As a result of diffusion experiments, Wasilewski and Kehl 
(1954) concluded that the upper limit of the homogeneity of e phase is around 950° C 
whereas Rennback et al. (Rennback, 1968) observed the e phase in specimens nitrided at 
temperatures as high as 1593°C.
According to McDonald and Wallwork (1970), the maximum temperature for stability of 
the s phase was 1110°C. At this temperature the following peritectoid reaction takes place 
a  + 8  === e-Ti2N at 1110°C. The recent supplement to phase diagram studies, 
Fig. 2.11, also considered the 8  phase to be stable up to 1100°C, at which time it 
transformed to 5 congruently. The boundaries of the 8  field on the Ti-rich side are at 
compositions in equilibrium with a-Ti[N]. Below the eutectoid temperature of 1050°C, 
other boundaries, e.g. Ti-rich or N-rich, are in equilibrium with TiN.
Bars et al. (1977 ) observed 8  phase in their nitriding experiments up to 2000°C. 
According to Etchessahar (1978), the 8  phase is a low temperature phase, stable up to a 
peritectoid level at 1065+/- 10°C. The domain of homogeneity of the 8  phase is very 
narrow.
2.8.4. S'-TiN
Lobier and Marcon (1969), starting with the non-stoichiometric 8  nitride TiNo.5 (which 
was annealed at 1400°C and then quenched to room temperature ), revealed the existence 
of a new 8 '  subnitride after annealing at 500°C for a long period. This new subnitride 
with tetragonal structure is derived from the fee structure by long-range ordering of the 
nitrogen vacancies. According to Etchessahar et al.(1987), the non-stoichiometric 8  
nitride is maintained by quenching at room temperature. In the range of compositions 
TiNo.5 to TiNo.6 , the quenched 8  nitride changes into the Lobier and Marcon phase after 
suitable annealing treatment (815° C for 240 h) with tetragonal structure (a = 4.143 A  
and c = 8.795 A) in good agreement with that of Lobier and Marcon (a = 4.140 A  and c = 
8.805 A  ). They suggested a new phase diagram -Fig. 2 .1 1 .
After extensive microstructural studies using TEM and electron diffraction on a 
composition close to TiNo.6 i, Nagakura and Kusunoki (1977) confirmed the structure 
determined by Lobier and Marcon
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2.8.5. rj-Ti3N2-x and £-T i4N3 -x
Phase equilibria studies in the Ti-N system, conducted by Lengauer (1986), have 
revealed the existence of two additional nitride phases; zeta phase £-Ti4 N3_x and the eta 
phase r|-Ti3 N2_x. The £ phase is a high temperature nitride, stable in the range 1078- 
1291°C. It crystallises in the trigonal structure with a rhombohedral unit cell ( ar=9.8707 
A and a=17.47 A  in the hexagonal system, ah=2.9745 A  ch=28.965 A  and 
ch/ah=9.7214). p-phase has been obtained by quenching Ti-N alloys with about 30 at.% 
N from 1333-1363°C to room temperature. It has the same structure as the £ phase 
_ A , and a=23.16° for rhombohedral unit cell and ah=2.9809 A  ch=216642 A
with ch/ah=7.268 in the hexagonal system).
In a separate investigation of the Ti-N system, by means of in situ diffusion couples, 
conducted by Lengauer (1991), it was found that r|-Ti3N2 -x and ^-T i4 N3 _x form parallel 
diffusion bands. Furthermore, by using a technique named the "temperature gradient 
diffusion couple" to observe competing phase reactions "simultaneously" as a function of 
temperature, Lengauer found that the following five non-variant three phase condos 
existed in Ti-N system.
1- a-Ti[N] + £-Ti2N -----> rj-T i3 N2_x (1066°C)
2 - ri-Ti3N2.x + e-Ti2N -----> C-Ti4N3.x (1078°C)
3- 8 -Ti2N -— > £-Ti4 N3.x + 5-TiN (1080°C)
4- a-Ti[N] +£-Ti4N3_x -----> r|-Ti3N2.x (1103°C)
5- C-Ti4 N3.x -----> a-Ti[N] + 8 -TiN (1291°C)
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AT.X NITROGEN
Fig. 2.11. Ti-N system (after Etchessahar, 1987).
2.9. The colour of TiN
2.9.1. Introduction
A plasma can also exist in the solid state form in which electrons are mobile and form a 
free electron gas (more details are provided in chapter three and appendix I). In a solid, 
the negative charges of the conduction electrons are balanced by an equal concentration of 
positive charge from the ion cores. In the following sections, the optical properties of 
electrically conductive compounds such as TiN will be discussed on the basis of 
interactions between the solid state plasma and the electromagnetic waves.
2.9.2. Variation in the colour of group IV B nitrides
The reflectivity of TiN was measured at 300 K in the spectral energy range between 0.03 
eV (near infrared) and 12 eV (far ultraviolet) by Schlegel et al. (1977). According to this 
investigation, TiN exhibits a free carrier reflectivity edge. The investigated TiN was 
prepared by means of chemical vapour deposition (CVD) at normal pressure using a
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mixture of TiCl4 -N2 -H2 . The deposition of TiN took place on octahedrally shaped single 
crystals of TiN of a size of 3-5 mm3’ which were heated by RF. The composition of the 
TiN crystals was Tio.9 7N (close to stoichiometry) with a lattice parameter of 4.240 A.
The reflectivity of polished single crystals of TiN was measured in high vacuum or in 
inert gas atmospheres. The absorption coefficient of TiN exceeds 1.5xl06 cm-1, 
therefore, the penetration depth of light is always larger than about 100 A and surface 
conditions are not too critical.
The measured reflectivity of TiN is shown in Fig. 2.12 as a function of photon energy. 
For low photon energies, the reflectivity indicates a “metallic” behaviour: very high 
absolute values of the reflectivity (reaching 100 percent towards zero photon energy) are 
followed at higher photon energies by a ‘plasma reflection’ edge and a minimum, in the 
reflectivity. The minimum reflectivity can be associated with a collective mode of the 
conduction electrons. For photon energies larger than that of the reflectivity minimum the 
interband transitions commence to predominate. The plasma reflection edge at 2.8 eV 
determines the TiN golden colour, and indicates a longitudinal excitation mode 
(excitation of plasmon), namely a screened plasmon mode. An unscreened plasmon 
frequency, cop, of 6.95 eV was measured for TiN (Schlegel, 1977).
Fig. 2.12. Spectral reflectivity o f TiN at 300K (after Schlegel), 1977).
According to Schegel et al (1977), the effective carrier concentration was 2/3 electrons per 
ion, while Böhm (1972) reported a value of about 1 electron per ion. Therefore, the 
golden colour of TiN reported by Schlegel is deeper than that reported by Böhm. This 
can be related to the higher sub-stoichiometry of TiN used in Böhm’s investigation.
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Perry et al. (1986), proposed a simple ionic model which takes into account the effects of 
stoichiometry and lattice parameter on the conduction carrier concentration. This model 
can describe quite easily a large variety of colour changes in the group IVB nitrides. 
However, the development of a more quantitative model will also need to consider the 
effects of, inter alia, the surface roughness and crystal perfection of the film.
According to Perry, in the group IVB nitrides there is a transfer of charge from the metal 
ions to the nitrogen leaving about one conduction electron per formula unit which is in 
agreement with Bohm’s investigation and is in contrast to 2/3 electron per ion reported by 
Schlegel. Assuming no interband transitions and an effective mass equal to the free 
electron mass, Perry calculated a plasma frequency of about 8  eV (cop=1.94 x 101 5 Hz, 
Xp=0.156 Jim ). Reflectance measurements indicated that the plasma frequency was 
shifted to about 3 eV (co=7.26 x 101 4  Hz, A,=0.416 pm), (compared to 2.8 eV reported 
by Schlegel), due to interband optical transition. Perry reported the colour of all these 
nitrides was yellow because of the strong depression of the reflectance at the blue end of 
the spectrum.
The qualitative consequences inherent in the Perry’s model are now presented in terms of 
the variation of the plasma frequency with free carrier concentration.
a) Stoichiometry. Reduction of the nitrogen content with a lattice cell of constant volume 
reduces the transferable charge on the metal ions thus shifting the plasma edge to higher 
frequencies, i.e. into the blue, making the colour more silvery.
b) Lattice parameter. Expanding the lattice at a given nitrogen content reduces the charge 
per unit volume and moves the plasma edge to lower energies causing a shift towards the 
red end of the spectrum making the colour more golden.
c) Lattice distortion and texture. Distorting the lattice from the cubic NaCl structure 
makes the location of the plasma edge a function of the crystal orientation, as in 
hexagonal crystals. The direction of the greatest increase in lattice parameter is also the 
direction in which the greatest shift towards the red should be observed.
The texture of the film can influence the colour if the crystal lattice is distorted from the 
cubic. The observed colour is then that appropriate to the particular [hkl] lattice direction 
because the surface of the film is composed of (hkl) planes which he perpendicular to the 
[hkl] direction in cubic crystals. Thus an expansion of a distorted crystal in the texture 
direction causes a shift to the red.
Perry et al. have applied this model to the colour variation of TiN films deposited by an 
ion plating system. As the deposition rate is reduced there is a steady move to a more
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strongly (1 1 1 ) textured film whose lattice is more markedly expanded in this direction. 
This effect leads to a steady shift towards the red. This is so strong that the films show a 
distinct red cast which is normally only found in films of superstoichiometric 
composition. Besides the effect of the non-stoichiometry on the carrier concentration, 
there is an effect due to the lattice parameter which depends on the location of the extra 
nitrogen ions. Nitrogen on interstitial sites expands the lattice to enhance the shift to the 
red, but cannot compensate for it.
2.10. Titanium-Hydrogen System
2.10.1. Titanium-Hydrogen Phase Diagram
Titanium and titanium alloys have a large affinity for hydrogen. Hydrogen is a (3 
stabiliser element and reduces the p /a  transformation to lower temperature. In pure 
titanium, the (3 phase containing up to 45 at.% (2.75 wt.%) hydrogen is stable up to 
300°C (Hansen, 1958). The Ti-H phase diagram, compiled by San-Martin and 
Manchester 1987), based primarily on the work of McQuillan (1950), is shown in Fig. 
2.13. The Ti-H system is of the eutectoid type and in addition to the two solid solutions 
of hydrogen based on a  and p allotropes of titanium consists of two stable hydrides: an 
fee hydride (8 ), and a tetragonally distorted fee or fet hydride (e) with an axial ratio of 
c/a<l. Also, there exists a metastable hydride phase usually referred to as y phase with 
an fet structure with an axial ratio of c/a > 1 .
The solubility of hydrogen in titanium decreases from about 7 at.% at 300°C (eutectoid 
temperature) to about 0 . 1  at.% at room temperature; the decrease in solubility being 
greatest down to 125°C. The decrease in solubility is accompanied by precipitation of 
hydrides. The morphology of the hydride precipitates varies depending on cooling rate. 
At slow cooling rates hydrides precipitate as plates whereas a fine dispersion would form 
after quenching.
Chapter Two Titanium 31
0 10 20 30
Atomic Percent Hydrogen
40 50 60
Fig. 2.13. Revised Ti-H phase diagram (after San-Martin, 1987).
2.10.2. Hydrogen As A Temporary Alloying Element
Pure Titanium
The most obvious and detrimental effect of hydrogen on titanium alloys is embrittlement 
at ambient temperature (Jaffee, 1949; Lenning, 1954). Fortunately, unlike other gases, 
the absorption of hydrogen is reversible. The diffusivity of hydrogen is sufficiently high 
(Wasilewski, 1954), and its equilibrium concentration (at easily achieved vacuum 
pressures) is sufficiently low, that hydrogen can be removed by vacuum annealing.
The ease with which hydrogen can be added to and removed from titanium has led to the 
use of hydrogen as a temporary alloying element. This unique characteristic has led to the 
development of ingenious processes to enhance both processability and final mechanical 
properties of titanium (Froes, 1990). In one such process, coined as "Thermochemical 
Processing (TCP)" hydrogen is used as a temporary alloying element to obtain a brittle 
material at room temperature. Subsequent pulverisation of the material provides an 
economical method for producing titanium powder by attrition (Zwicker, 1959). 
Hydrogen is removed from the powder and ductility is restored by vacuum annealing.
The ability of hydrogen to impart superplasticity and excellent hot workability to titanium
is also used to reduce forging loads. Improvement in hot workability of titanium alloys
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charged with a high concentration of hydrogen is attributed to stabilisation of the more 
hot-workable bcc [3 phase and enhanced self-diffusion of titanium in the presence of 
hydrogen (Gong, 1994).
It should be pointed out that this characteristic of titanium alloy-hydrogen is now used in 
a commercial process called "Hydrovac" to indicate hydrogenation and ultimate removal 
of hydrogen by vacuum annealing (Kerr, 1980). Surprisingly, at the time of writing this 
thesis, no work could be found which has referred to the beneficial role of hydrogen in 
nitriding of titanium. Usually, hydrogen has been blamed for adverse effects on fatigue 
properties of nitrided titanium.
Ti-6Al-4V
The presence of other alloying elements in titanium significantly alters the phase diagram 
of Ti-H. A pseudo-binary phase diagram for Ti-6A1-4V and hydrogen is shown in Fig. 
2.14. This diagram is based on the original work carried out by Kerr et. al. The hydride 
phase in this diagram is labelled as X since the exact composition of this phase proved to 
be indeterminate (San-Martin, 1987).
Hydrogen Content (at.%)
Fig. 2.14. Pseudo-binary phase diagram for Ti-6Al-4V-H (after San-Martin, 1987). 
CST refers to Constitutional Solution Treatment, one of the possible TCP treatments.
Superimposed on the diagram is a typical TCP cycle used by Froes et al. (1990) to refine 
the microstructure. The underlying principle for TCP treatments for refinement of 
microstructure was articulated by Kerr on the basis of the role of hydrogen as a temporary 
alloying element. According to Kerr, heating an a/(3 alloy in hydrogen causes the
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transformation to all p microstructure at above 815°C. The normal ¡3 transus temperature 
for this alloy in the absence of hydrogen is 980°C. Upon subsequent cooling and 
depending on the hydrogen content of the alloy a series of microstructures can be 
developed. If the precipitation of hydrides is allowed a fine microstructure will form and 
an Ti-6A1-4V alloy containing o.4 to 1.35 wt% hydrogen transformed completely to p.
When specimens of an Ti-6A1-4V alloy containing 0.46, 0.93, and 1.35 wt.% hydrogen 
were water quenched from above of the p phase field (870°C), the phases identified were, 
respectively: primary a  plus orthorhombic martensite (oc+oc’h); orthorhombic martensite 
plus p saturated with hydrogen (cc”h +Ph); and P saturated with hydrogen (Ph). N o 
hydrides were detected either by optical microscopy or by X-ray diffraction. When 
heated to the P phase field then step cooled to 650°C and held for various times, the 0.93 
wt.% hydrogen specimen underwent a transformation which resulted in a finely divided 
mixture of three phases identified as a , P, and hydride (Mahajan, 1979). The 
transformation suggests a three phase eutectoid in which Ph --> oc + hydride.
The hydrogen can be driven off the alloy with a vacuum dehydrogenation treatment at 
intermediate temperatures (500-700°C). The microstructure would remain fine after 
hydrogen removal with enhanced mechanical properties. Other researchers have 
continued Kerr's work to cover a wider range of cooling rates and hydrogen content to 
improve the superplasticity of the alloy. The results of the work by Kerr and Gong has 
been summarised in Fig. 2.15 and Fig. 2.16, respectively.
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M: Martensite
a": Orthorombic a  martensite
a"|_p - - - with dissolved H
PH: Interstitial solution of H in p 
a p: pro-eutectoid a  
eutectoid: a  + hydride (y or X)
T T : Transformation temperature 
D H T : Dehydrogenation temperature
Fig. 2.15. "Hydrovac" process (after Kerr, 1980).
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Fig. 2.16. Thermochemical processing (TCP) of titanium alloys (after Gong, 1994).
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3. PLASMA NITRIDING
3.1. Definition of Plasma
Crookes (1879) was probably the first who described the plasma state as “the fourth 
state of m atter”(Engel, 1983). This description is justified because almost 99% of the 
visible matter in the universe is in the plasma state. The word "plasma" was coined by 
Langmuir about 70 years ago. A plasma generally consists of a collection of equal 
numbers of positive and negative charge carriers and has a net zero electric charge 
(Nasser, 1971). According to this definition, metals may be considered as solid-state 
plasmas in which the positive ions are fixed and the electrons are semi-mobile, i.e. 
electrons are free to move within the limits of the solid body but not free to leave it 
(Hoyaux, 1970). Liquid phase plasmas exist in salt solutions or electrolytes where both 
the positive and negative ions are mobile. In gaseous plasmas, positive ions, negative 
electrons and neutral species are present and totally mobile in a quasi-neutral state. 
Gaseous plasmas could form within a wide range of degrees of ionisation, density, and 
electron and ion temperature. For instance, Fig. 3.1 shows that the electron density of 
different gaseous plasmas can vary over 27 orders of magnitude whilst electron 
temperatures range over eight orders.
An important characteristic of any gaseous plasma is the degree of ionisation, which is the 
fraction of the original neutral species (atoms and/or molecules, both in the ground and 
excited states) which has been ionised, i.e.:
ion density
(ion + neutral) density ( 3  1 )
Weakly ionised plasmas are characterised by a degree of ionisation much less than unity, 
while a highly ionised plasma has a degree of ionisation close to one. In a weakly ionised 
plasma, the presence of a relatively large population of neutral species will dominate its 
behaviour whereas in highly or fully ionised plasmas, neutral particles play little or no 
role.
Of interest to us is a range of gaseous plasmas which consist of electrons, ions, excited 
and neutral atoms and molecules as well as excited ions. These plasmas are categorised 
by an electron density between 106  to 101 4  cm-3  and electron temperature of 104  to 106  K 
(1-100 eV). The plasmas normally employed for material processing are alternatively 
referred to as electric discharges, gaseous discharges, or glow discharges (the latter 
because they emit light) (Rossnagel, 1990).
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Fig. 3.1. The electron density o f different gaseous plasmas
3.2. Fundamentals of Plasma Physics
The rapid profileration of glow discharges in material processing and an ever increasing 
demand for process reliability and control necessitates a thorough understanding of the 
physics of plasmas at a fundamental level. It is generally recognised that the following 
phenomena are of particular importance in determining the behaviour of plasmas and, 
more importantly, their interaction with materials surfaces. These processes include 
(Kline, 1986):
a) Electron-impact dissociation - which is responsible for producing chemically active 
species even from the relatively low activity feed gases. The active species include atoms, 
radicals, vibrationally excited molecules, and positive and negative ions.
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b) Transport and gas-phase reactions between chemically active species present in the 
reactor.
c) Surface interactions which usually occurs by adsorption, reaction, and desorption of 
active and product species with and from exposed surfaces, be it reactor walls or substrate 
surface.
Ionisation of species present in the gas phase is essential for initiating and sustaining a 
plasma. This process requires energy which, for the plasmas considered here, is supplied 
by either direct current (DC) or alternating current (AC) electric fields. Typical AC 
frequencies of excitation in plasma processing are 100 kHz, at the low end of the 
spectrum, 13.56 MHz in the radio frequency (RF) portion of the spectrum, and 2.45 GHz 
in the microwave region.
As noted before, electrons play an important role in plasmas and different plasmas are 
categorised by their electron densities and energies. Since the electrons in a plasma have a 
distribution of energies, we need to define an average electron energy. Assuming a 
Maxwellian distribution for electron energy, which is valid for a number of cases, it can 
be shown that the electron temperature, Te, is a measure of the average energy of the
electrons, and is given by:
Average Electron Energy = (3/2) k Te (3 .2 )
where k is the Boltzman constant (1.3807 x 10-23 JK“ )̂.
Electron temperature (Te) is normally expressed in electron volt (eV). An electron volt is 
the energy acquired by an electron accelerated in an electric field of one volt. This energy 
is equivalent to a temperature of approximately 11600 K. The plasmas of interest here are 
the process plasmas, which have electron densities in the range of 1 0 9  to 1 0 1 2  cm"3 and 
average electron energies between 1 and 10 eV. The degree of ionisation for these 
plasmas varies from about 10' 6  to as high as 0.3 (Rossnagel, 1990).
The Maxwellian distribution is also called the “equilibrium” distribution, because it 
represents a case where the electrons are in thermodynamic equilibrium. Even when the 
electron energy distribution is not Maxwellian, for instance in a weakly ionised plasma, it 
is still possible to define an electron temperature, Te, for the average electron energy.
Langmuir discovered that, under certain circumstances, the behaviour of a collection of 
charged particles could become very different from the sum of the behaviours of its 
individual particles, and resemble that of a jelly (Hoyaux, 1970). This collective 
behaviour is particularly evident in gaseous plasmas, where the population densities of
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totally free charge carriers are sufficiently large. In these plasmas, a situation arises in 
which the individual charge carriers are much more under the influence of their closest 
neighbours than of anything else, and in particular of any electric and/or magnetic fields 
of external origin. Charged particles are always affected by external fields but the 
behaviour of neutrals are not influenced by any external field. At low degrees of 
ionisation, collisions with neutrals dominate and a diffusion behaviour is established. 
Above a certain threshold in ionisation, there is sufficient charged particles for 
"collisions" between charged particles to become dominant. This is the threshold of the 
so-called 'collective' or 'cooperative' behaviour.
3.2.1. Debye Shielding
The free charges in the plasma will move in response to any electric field, even the field of 
another charged particle, in such a way that the effect of this field is decreased and 
effectively shielded at a certain distance. If an external charge is inserted into a plasma or 
an electric field is imposed on a plasma, the plasma electrons will move in such a way as 
to diminish the effect. The application of the external electric potential V0 will cause the
plasma to modify itself, so that the effect of the field is attenuated exponentially with a 
characteristic decay length of XDm This shielding effect is called Debye shielding and the
characteristic length is called the Debye length and is given by
V(r) = V0exp _r^ V J
(3 .3 )
(3 .4 )
where e is electron charge and ne is electron density.
For the plasmas of our interest, the relevant range of XD is from 0.01 to 1 mm.
3.2.2. Plasma Sheath
When a plasma is bounded by an isolated wall or an isolated probe is inserted into the 
plasma then an equal number of charges of both signs are forced to arrive and combine to 
give zero current to the probe. Initially the electrons with their higher mobility drive the 
wall to a potential which is negative with respect to the plasma. Now only fast electrons 
will reach the wall together with an equal number of positive ions, while the slow 
electrons are repelled. This "wall field" is called a sheath and extends over a distance of 
the order of Debye length, XD (Engle, 1965). Since the electron density is lower in the 
sheath, it does not glow as much. It appears as a dark space; a feature common to the
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sheaths formed around all objects in contact with the plasma, even though the sheath 
thickness may vary greatly (Chapman, 1980).
It should be mentioned that if a potential difference is applied between the wall or probe 
and the plasma, then the sheath would have a completely different thickness.
The function of the sheath is to form a potential barrier, so that the more mobile species, 
which are the electrons, except in the case of a strong magnetic field, are electrostatically 
reflected. The height of the potential barrier associated with the sheath adjusts itself so 
that the nett flux of electrons and ions to the wall or probe in question i.e. nett current just 
equals the electron current that is drawn from the wall or probe by an external circuit. If 
the wall is electrically isolated, the electron flux is reduced to the point at which it is equal 
to the ion flux (Bunshah, 1982).
3.2.3. Plasma Oscillations
One of the properties of a plasma is its quasi-neutrality. Due to the shielding effect, a 
plasma will try to stay neutral even when an external charge is introduced into the plasma. 
This is achieved by the induced electric field arising from the microscopic imbalance that 
will cause charge separation until charge neutrality is restored.
If a charge imbalance does occur in plasma, the electrons will move to shield out its 
effect. The time that takes for shielding effect to come into operation would be the time 
required for an electron to move a Debye length. Furthermore, it might happen that 
electrons, moving under the force of the electric field from the charge imbalance, 
“overshoot” and undergo an oscillatory motion. The electrons will oscillate at a frequency 
• which is called the electron plasma frequency <op, and is defined by :
where me is electron mass and £ 0 is the permitivity of free space (Chapman, 1980). 
The plasma frequency, may also be shown as fp written here as
The oscillatory modes of a plasma establish its response to externally applied 
electromagnetic radiation in such a way that it will screen out an oscillating field with a 
frequency below cop, but above this frequency, the electrons cannot respond fast enough
to accomplish the shielding. Therefore, if co < C0p the electromagnetic wave is reflected
and if co > Q)p the wave is transmitted.
(3 .5 )
fp = cop/27t = ( 1/2tc).(nee2 /m£ 0 ) 1 /2  = (9000)( ne ) 1 /2  Hz (3 .6 )
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3.3. Plasma Reaction Processes
In the glow discharge, a large variety of chemical and physical reactions take place 
between the highly active and energetic particles of the plasma. Collisions are generally 
characterised by a cross section a  which has the dimensions of area. If an electron 
collided with a “hard sphere” of radius a, then G=7ta2. The cross section is also a 
measure of the probability that a given process will occur. In case of electron-neutral 
collisions where N is the neutral density, then the quantity,
X = l/(N c )  (3 .7 )
is called the mean free path. It is the average distance travelled by an electron between 
collisions. Another important quantity which is related to the cross section is the collision 
frequency, i.e. the average number of collisions per unit time. If v is the electron 
velocity, then the collision frequency v is defined by
v  = N g v  ( 3 . 8 )
All reaction processes in plasma can be categorised into three groups, dependent upon 
the nature of the particle collisions:
3.3.1. Elastic Collisions
In an elastic collisions the energy exchanged between particles is kinetic and no internal 
changes occur within the atoms and ions involved. In such a collision, the particles 
behave like elastic spheres and their interaction can be predicted by classical mechanics 
using conservation of momentum and energy. That is the nature of the collision between 
two particles depends only upon the angle between their velocity vectors, the line joining 
their centres of impact and the ratio of their masses.
3.3.2. Inelastic Collisions
When an inelastic collision takes place, some of the collision energy is absorbed by one 
particle and its total energy is raised. There are two forms of inelastic collision.
(i) First kind of collision, in this process one of the colliding species transfers some of 
its kinetic energy to the collision partner as vibrational, or electronic excitation or ionises 
the other atom.
(ii) Second kind of collision, this collision is an inverse of the first kind collision. One 
particle strikes another and absorbs some of its energy moving off with greater kinetic
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energy. An important type of second kind inelastic collision is charge exchange, in which 
an ion and neutral atom collide and exchange an electron.
3.3.3. Absorption and Emission of Radiation
For any excited atom within the plasma, there is a finite probability that the electron will 
spontaneously fall back to a lower energy orbit. When this occurs the atom will emit a 
quantum of radiation in accordance with E=hv, where h is the plank’s constant and v is 
frequency of radiation. Stimulated emission can also occur, when an excited atom 
(usually in a non-emtting state) is photo-excited to a state from which emission can occur. 
Two other processes which can occur within the plasma are photo-excitation and photo­
ionisation. In the former, the atom absorbs the energy of a photon and is excited to a 
higher energy state. If sufficient photon energy is available, as in the latter process, the 
electron may be lost from the atom completely and an ion is formed.
3.4. Plasma Volume Reactions
Electron bombardment of atoms and molecules produces excitation, ionisation, and 
dissociation, thereby generating a variety of active species and radicals having different 
chemical activities than those of the parent gas. Electron ionisation processes are 
obviously important in sustaining plasma discharges. The excitation and dissociation 
processes are important in plasma chemistry and form the basis for plasma surface 
treatment.
Metastable Species
Another consideration in using plasmas for materials processing is the ability of active 
species to flow or diffuse from the point of production to a point of reaction. Atoms or 
molecules that are excited into electronic states which can decay radiatively have very 
short lifetimes ( 10~9  sec). However, some excited states are forbidden by quantum 
mechanical considerations from undergoing radiative transitions. Atoms and molecules in 
these metastable states can have sufficiently long lifetimes so that they can carry their 
stored electronic energy from the immediate vicinity of the discharge plasma to other 
points in a reactor. However, flow or diffusion of active species is not an important 
consideration in the present work.
Atoms or molecules can be excited into metastable states, or can arrive in these states by 
radiative decay after having been excited into states of higher energy. Consequently, a 
plasma may contain relatively large numbers of metastable species and they can have an 
important effect on the overall discharge chemistry. Metastable states are depopulated
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when the atoms undergo collisions. Thus, for example, a metastable atom may 
subsequently pass its excitation energy to another particle, thereby producing ionisation or 
dissociative ionisation in atoms or molecules of lower ionisation potential, as indicated 
below.
A + Y —> Y + A+ + 6 ,
A + XY —> XY + A+ + e , ( 3  9 )
A*+XY^X* + Y + A+ + e~,
where A*, Y* and X* are excited atoms and A, X and Y are neutral atoms. These 
processes are known as Penning ionisation processes.
There are some other important inelastic collision processes such as attachment and 
volume recombination. The attachment reaction is a process whereby an electron 
combines with a suitably electronegative atom or molecule to form a negative ion. 
Recombination occurs when a positive ion collides with either an electron or a negative 
ion and is neutralised.
3.5. Plasma Diagnostics
Plasma diagnostics serve a wide variety of roles, such as to determine the details of the 
electron and ion distribution functions, in basic plasma application experiments. On the 
other hand, in plasma processing control, they may be needed to just give an indication 
that a plasma processing device has the same plasma characteristics as on a previous 
occasion, but it may not be necessary to know the characteristics (Hershkowitz, 1989).
Experimental work in the field of general plasma physics utilises a remarkable number of 
diagnostic tools which can be divided into the following groups:
(a) Optical methods are: Photography, Stroboscopy, Fast Cinematography, Streak 
Camera, Schlieren, Kerr Cell, Image Convertor.
(b) Spectroscopic methods are: Spectral line intensity, Broadening mechanisms, 
Population measurements by absorption techniques.
(c) Electric sounding methods are: Langmuir Probes, Double Probes.
(d) Magnetic pick-up methods are: Rogowsky Coil, Magnetic Probe.
(e) Microwave techniques are: Wharton interferometer, Doppler-echo technique, 
Resonant Cavity.
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(f) Particle beam analysis are: Velocity Spectrum, Mass Spectrum.
(g) Particle beam injection technique
(h) Laser beam techniques: using Rayleigh diffraction, and Interferometer
Method (c) will be the subject of a relatively thorough description, limited however to 
more practical aspects (Hoyaux, 1968).
3.5.1. Electric Probes
The electric, or Langmuir, probe (was pioneered by Langmuir in 1924) has long been 
used as a fundamental diagnostic tool for measuring the local properties of a plasma. 
Langmuir probes have been used to measure electron densities and temperatures in a wide 
variety of gaseous ionised media, such as electric discharges, afterglows, ionising shock 
waves, flames, MHD, and plasma-jet flows, reentry vehicle flow fields, and atmospheric 
and space plasmas (Chung, 1975).
Langmuir probes, in their simplest form, consist of no more than a bare wire inserted into 
a plasma. In this “single-probe” configuration, a single electrode is inserted into the 
plasma and attached to a power supply that can be biased at various potentials positive or 
negative in relation to a reference electrode. The current collected by the probe as a 
function of its potential is measured. The reference or return electrode, which completes 
the circuit, is a “ground” for the plasma, and is typically a conducting portion of the wall 
of the vessel confining the plasma. In this case the probe potential is measured from the 
ground potential. Over a very wide range of situations, the details of current-voltage (I­
V) characteristics can be related to the plasma parameters that are present in the absence of 
the probe (Hershkowitz, 1989).
3.5.2. Double Probes
The single probe method fails in many experimental situations, particularly when a large 
reference electrode is not present (Hershkowitz, 1989) or when the space potential is not 
well defined. In these cases a Langmuir single wire probe can become the dominant loss 
area of plasma from a system (Schott, 1968). The double probe, which was first 
proposed and utilised by Johnson and Malter (1949-1950), partly obviates these 
disadvantages. The original double probe system consisted of two Langmuir probes 
similar in shape and size, which were connected to a variable potential source reversible in 
polarity as shown in Fig. 3.2. A bias voltage is applied between them and the entire 
system is allowed to float, so there is no net current drawn from the plasma. The function 
relating the applied potential difference Vd to the current Id measured in the external circuit
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will be denoted by “DPC” (double probe characteristic). Using such probes it is possible 
to determine electron temperature and plasma density.
Fig. 3.2. Double probe circuit for point by point and automatic measurements
(after Schott, 19 68).
I I 2 +
....
I 1 ♦
T. V
Fig. 3.3. Current-voltage characteristics for an ideal probe. Here the voltage is the 
relative voltage between the two probes. In real plasmas, finite probe size results in finite
slope in the I-Vcharacteristic above the knee.
The typical “double-probe” configuration consists of two electrodes, usually of equal 
area, that come in contact with the plasma, and the current passing through the plasma 
between the two electrodes is measured as a function of the voltage applied between them. 
Unlike the case of the single probe, in the double probe there is no net charge drain from 
the plasma because the two electrodes and power supply of the double probe system form
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an isolated closed circuit. Also, unlike the single probe, both electrodes of a double­
probe system are always negative with respect to the plasma. They are often used as 
plasma diagnostics because of their simplicity.
It can be shown (Fig. 3.3) that the current flowing through the circuit is given by
I = L tanh ( e V ) (3 .1 0 )
where i+ = il+ = i2+ when the two probes have the same area, and V is the relative bias 
voltage defined as V = VX- V 2.
In plasma processing, the ion temperature, Ti, is comparable to the electron temperature, 
Te. In that case using Eq. 3.10 with e replaced by i, the ion saturation current is given by 
the Bohm current;
hsa, = 0.5 en+ACs
where Cs = 9.8 xlO 3 and p=mass of ion/mass of proton
(3 .1 1 )
I+sat is in Amp, n+ is ions n r3, A is surface area of probe in m2, and Te is electron 
temperature in eV.
3.6. Plasma Surface Engineering
As mentiond in the previous sections, the plasma produced in a glow discharge under low 
pressure is characterised by a lack of equilibrium between the electron temperature Te and 
the gas temperature Tg. The ratio Te/Tg is in the range 10-102. The absence of thermal 
equilibrium makes it possible to obtain a plasma in which the gas temperature may be 
near the ambient while the electrons are sufficiently energetic to excite the molecules. By 
contrast, the plasma produced in an arc discharge is in a thermal equilibrium condition, 
the gas temperature of which is very high (>5000°C) (Konuma, 1977).
A variety of techniques have been used to generate low pressure plasmas for surface 
treatment applications. For example, using a DC voltage to produce a glow discharge, 
radio frequency to create an inductively coupled plasma, and by microwave energy to 
sustain a microwave induced plasma (MIP) or electron cyclotron resonance (ECR) plasma 
However, the high pressure (average 70 m bar) used in microwave plasma (especially the 
MIP utilised in this work ), results in a fair amount of thermalisation between the
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electrons and ions and subsequently to the gas molecules. Consequently MIP could be 
classified as a thermal (equilibrium) plasma.
3.6.1. DC Glow Discharge
The DC glow discharge occurs when an external DC voltage is applied between two 
electrodes, positioned within a gas mixture at some suitable pressure. One electrode, 
called the anode is electrically at positive potential. The other electrode is connected to 
operate at a negative potential with respect to the anode and is called the cathode.
Consider what happens when a voltage is applied between the two electrodes in a gas 
mixture at pressure of a few Torr or mbar. There will always be a few free electrons 
present in the gas mixture from random ionisation produced by external agents like light 
and background cosmic radiation. With very low values of applied voltage these 
electrons will be accelerated towards the anode giving rise to a small but measurable 
current as shown in Fig. 3.4.
At some value of applied voltage, called the ignition voltage, these accelerated electrons 
will obtain sufficient energy to cause ionisation when they collide with a gas molecule. 
With this additional gas ionisation, the current can increase to a value higher than could be 
maintained by ionisation from the external agents acting alone.
Fig. 3.4. Electrical characteristics of a glow discharge.
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The Self-Maintained Region
At some higher value of applied voltage, called the breakdown voltage, sufficient energy 
can be given to each of the electrons originating at the cathode to cause an ionising chain 
reaction. This breakdown voltage is the voltage predicted by Paschen's law. More 
electrons can be liberated by gas ionisation than were present initially, and cause 
additional ionisation of the gas mixture. According to Paschen, the breakdown voltage, 
Vb, depends only on the product of gas pressure (p) and electrode spacing (d) (i.e. Vb is 
fixed for a fixed pd). The curve of Vb against pd for any combination of gas and 
electrode material has a unique minimum and is shown in Fig. 3.5. The minimal value of
(a)
GAS PRESSURE x ELECTRODE SEPARATION  
mbar x cm
(b)
Fig. 3.5. (a): Breakdown voltage Vb =f(pd) in the low pressure range (Paschen 
curve) and (b): Paschen curve for some gases (p = equivalent gas density).
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Vb is called 'minimum sparking' or the Paschen minimum. This portion of the 
voltage/current density characteristic is called the self-maintained region, where current 
densities in the 10"4 mAcnr2 range can be measured. In fact, in this operating region the 
current must be limited by a current limiting resistor in the external circuit.
(a)
Fig. 3.6. The normal glow discharge in neon in a 50 cm tube atp  =  1 Torr (after
Nasser, 1971).
The Normal Glow
When the external current limiting resistance is reduced, the voltage/current density 
characteristic enters the normal glow region. In this operating region, a visible glow a 
few millimetres in thickness (depending on operating pressure) will be seen covering a 
portion of the cathode. The intensity of this visible glow will appear uniform, evidence of 
a uniform current density on those areas that are covered. As the current limiting 
resistance is reduced further, the area covered by the visible glow will increase until the 
entire electrode surface is finally covered with a visible glow of higher, but still uniform, 
intensity. This region, where the visible glow can spread from a small local spot to cover 
the entire cathode surface, is called the normal glow discharge region. This region is self­
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sustained and the voltage drop between the electrodes remains nearly constant while the 
current density is increased to about 10_1mAcm"2. Electron collisions with gas atoms and 
molecules within the discharge space produce ionisation and form an avalanche of 
positive charge towards the cathode. This bombardment of positive ions produces 
secondary electron emission. The secondary electron emission and the electron-gas 
collision processes produce sufficient electrons to maintain a stable discharge.
The glow discharge is composed of several different regions, each possessing different 
physical properties. Each region is characterised by its relative luminosity which gives an 
indication to the collision and reaction processes which are occurring within it (Engle, 
1965). Fig. 3.6 shows a typical glow discharge and the accompanying changes in light 
intensity, voltage, space charge and electric field across it. The main regions of interest 
are summarised as follows:
The cathode glow which is followed by a region of far less luminosity known generally 
as the Crookes dark space. In this region, gas atoms and molecules are ionised by 
electrons which have passed through the cathode glow without interaction. The large 
number of electrons liberated by these collisions do not have sufficient energies to excite 
the gas molecules around them and so the region appears dark.
The areas mentioned above make up the 'cathode fall' which is also called the "cathode 
sheath". In the cathode fall there exist a surplus of positive ions with lower mobility and 
hence a net positive space charge. Because of this space charge, a large voltage gradient 
is induced and a strong electric field forms. This accelerates the electrons that are 
generated at the cathode to produce intensive ionisation and ion-multiplication in the rest 
of the discharge. The impingement of these positive ions on the cathode surface not only 
initiates the chemical reactions for plasma treatment processes but, in addition, causes the 
production of secondary electrons that are essential to the maintenance of the glow 
discharge.
At the anode end of the cathode dark space the density of electrons has increased to the 
point at which there are sufficient electrons to carry the entire current and to make the net 
space charge negative. Just before this the voltage gradient becomes slightly negative, 
reaching a negative maximum as the sign of the space charge reverses. The result of this 
is that there is no further acceleration of the fast electrons emerging from the cathode dark 
space; their energy is absorbed mainly by intense excitation and ionisation-hence the 
brightness of the negative glow.
After the activity in the negative glow, the electrons have slowed down and have little 
energy left for further excitation. Due to the very weak electric field in this region of the
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discharge, they do not regain energy rapidly and this leads to the formation of the Faraday 
dark space.
The Faraday dark space is bounded by the positive column or discharge plasma. This 
region contains equal numbers of positive and negative charges and acts only as a 
conducting pathway between the Faraday dark space and the anode. The field strength in 
this region is weak and is just sufficient to produce ionisations to counteract losses by 
recombination, and hence carry the current to the anode.
Abnormal Glow Discharge
Once the current has increased to a point where all of the cathode is covered by the 
negative glow, a further decrease in the external current limiting resistance brings the 
voltage/current density characteristic into the abnormal or anomalous glow discharge 
region. This is the region useful for plasma treating. It is only in this abnormal glow 
discharge region that the workpiece surface (cathode) will be completely and uniformly 
covered by the visible glow. The current density, which is important for promoting the 
desired physical and chemical reactions for plasma treating, will be uniform and at the 
highest value that will still permit easy electrical control. In this abnormal glow, an 
increase in current density leads to an increase in cathode fall voltage or voltage drop 
through the resistance of the glow discharge . In the other words, the plasma exhibits an 
ohmic characteristic. The abnormal discharge operates using ionisation by positive ions 
as well as by secondary electron emissions. The current density in this abnormal glow 
discharge is generally between 0.1 and 5.0 mAcm"2  for voltage drops between 400 and 
800 V. The bombardment of the cathode by energetic ions and neutrals results in the 
heating of the cathode and this effect is used as a heating source in high temperature 
plasma processing of materials.
The Arc Discharge
If the external voltage is increased in the abnormal glow discharge region, the current 
density will increase. These increases in both the voltage and the current density will 
produce an increase in the power density and, therefore, the thermal energy delivered to 
the cathode surface through the plasma from the electrical power supply. If the delivered 
power is allowed to increase to values high enough to cause local overheating of the 
cathode and the formation of ‘hot spots’ on the cathode surface and non-uniform glow, 
thermionic emission and the resultant increase in electron emission will allow an 
additional increase in the current density. The glow discharge will concentrate itself in 
this overheated area and a high thermal energy arc discharge will occur. Undesired arcs 
can cause major destruction of the electrode. Arc discharges, if allowed to persist, will
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cause noticeable pitting and even melting of the cathode surface. In plasma treating, 
proper equipment design can limit the frequency and duration of arc formation.
3.6.2. DC Plasm a N itriding
In plasma assisted diffusion treatment, in processes such as ion nitriding/carburising, the 
DC diode discharge is most widely used. In this nonequilibrium plasma, only the 
temperature of the electrons is high and that of the reactive species is relatively low. 
Because the electron temperature is high, excitation and ionisation of neutral 
atoms/molecules increases, resulting in enhanced chemical reactions and heating of the 
cathode by the plasma.
Several types of glow discharges depending on the relationship between voltage and 
current exist as shown in Fig. 3.7 which is almost identical to Fig. 3.4. All plasma 
thermochemical processes are performed in the abnormal glow region in which the current 
increases with voltage. In the abnormal glow region, the glow covers the specimen 
uniformly, and therefore uniform treatment can be expected. Further, the control of this
Fig. 3.7. Typical voltage-current relation o f a gaseous gap. This curve is fo r  neon at 1 
Torr with disc electrodes of 2 cm diameter and 50 cm separation.
unstable abnormal glow discharge is the critical feature in the production of uniform
reproducible layers. With the advancement of technology, new plasma power generators
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have been introduced to prevent the formation of arcs, so that the glow discharge can be 
safely maintained at high current densities in the abnormal region.
DC plasma nitriding is performed over a fairly well defined range of pressure and voltage 
(typically 1 to 10 Torr and 0.3 to 0.8k V) under DC diode plasma conditions. A typical 
plasma nitriding system is schematically shown in Fig. 3.8 (Spalvins, 1990).
Plasma nitriding of pure titanium and Ti-6A1-4V alloy with DC glow discharge has been 
investigated (Bell-1986, Brading-1992, Lanagan-1989, Matsumoto-1982). The nitriding 
process was carried out under pure nitrogen and nitrogen-hydrogen mixtures. Treatment 
temperatures were between 700°-1000°C and treatment times were between 2-25 h.
On hitting the workpiece surface, the highly energetic species not only have a heating 
effect, but they also cause sputtering, the extent of which is controlled by the gas 
pressure, gas composition and the voltage. Sputtering is a process whereby the 
bombarding ions remove atoms from the surface by the elastic transfer of kinetic energy. 
It is largely because of this sputtering process that the plasma technique is considered to 
be the most suitable for the nitriding of titanium alloys. Sputtering causes depassivation,
Fig. 3.8. Ion nitriding system (after Spalvins), 1990).
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i.e. the removal of the surface oxide film present on titanium. This enables easier 
absorption and diffusion of nitrogen into the surface than is experienced using other 
methods (Lanagan, 1988).
3.6.3. RF Discharges
There are two limitations to the DC glow discharge. Firstly, most of the input power is 
used to accelerate the ions through the sheath (cathode fall), and appears as heat when the 
ions strike the cathode. In this regard, the DC glow discharge is rather inefficient as a 
plasma generator. The second limitation of a DC glow is the need to conduct a net current 
between the anode and cathode to sustain the discharge. This necessitates the use of 
conducting materials as cathode and anode. It is not possible to use a DC discharge 
where insulating substrates, targets or deposited films are involved. The use of an AC 
power source can alleviate both these shortcomings.
Influence of Frequency on the Plasma
Flamm (1986), has studied the influence of excitation frequency on parallel plate gas 
discharges used to etch semiconductor materials. In this process, halogen-containing 
gases with pressures between 0.01 and 1.0 Torr and RF (50 KHz-20 MHz) are used. 
Plasmas with electron densities, ne, of the order of 1 0 ^  cm“3 and a moderate gas 
temperature (300-600 K) are obtained. The excitation frequency affects key discharge 
characteristics which have a vital and direct influence on plasma chemical processing.
Four separate kinds of effects (all independent) can be considered.
(1) The excitation frequency can change the spatial distribution of species and electrical 
fields across the discharge.
(2) The frequency determines whether the energy and concentrations of species are 
constant in time, or whether they fluctuate during a period of the applied field.
(3) The frequency has a large effect on the voltage that is required to start and operate a 
plasma, and on the energy with which ions bombard surfaces.
(4) the frequency may change the shape of the electron energy distribution function 
(EEDF) and thereby control the electron-molecule reaction channels which predominate 
(Moisan, 1993).
In general, a transition in the discharge characteristics occurs when the excitation period is 
close to the relaxation time (t.) of the electrical or chemical processes where:
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0.5 < C0Ti < 2. (3 .1 2 )
When û)Ti«  1, the process will maintain a dynamic steady-state representative of the 
instantaneous conditions induced by the time-varying field. On the other hand, if co^»  
1, the process will be too slow to stay in step with the fast changing field and will reach a 
static steady state in equilibrium with average conditions. Table 3.1 lists a variety of 
important discharge processes and their characteristic frequencies under typical
conditions (Flamm, 1986).
Table 3.1. Characteristics frequencies for various processes 
(generally based on CI2  at 0.3 Torr).
Approx, frequency Rate expression Parameters
Process [d(2ir]o% n ) / d : ] ~ ' {dn /d t  if applicable) assumed
Atom-atom 0.3 Hz * „ [ a ] 3A' k,0 =  3.47X I0-3Z cm_<> s~ 1 (Ref. 42)
recombination
(homogeneous)
[ Cl ] — 5 X 10l! c m '1’
Atom-atom
r r D [ C  1]
D — 250 cm: s " 1
recombination 100 Hz L  =  2 cm
(heterogeneous)
L ' {Cl] ~ 5 x  I0I? cm- i
Ion-ion 250 Hz k rln +n_ k„ = 5 x l 0 - KcmVs (Ref.43)
recombination «+ =  3X 10IU cm- -1
Electron-ion 500 Hz k„n ,nr k el < 10"7 cm Vs
recombination « ,=  3Xl0", cm--5
Ambipolar
diffusion
800 Hz
i r D .  
L *
L  =  2 cm
Z>0 ~  2 X 10’ cm:/s
Free 50 kHz (1 eV) i r  vl L  — 2 cm
diffusion 2 MHz (3 cV) L -  3 '
Ion-sheath LITF =s 200 kHz S/u  + .,v 0.3 Torr
transit UITFss6 MHz
Charge exchange 160 kHz-1.6 MHz k<xn ,N kn  =  lO-10- 10“ 9 (Refs. 40,42, and 44) 
10'6 cm-3
Attachment 2.5 MHz (0.08 eV) k an(N k a =  1.5X 10-9 cmVs (Ref. 45) 
N =  10l6cm-3
500 kHz (3 eV) ka = 3 X l0 - ,ocmVs (Ref. 45) 
N =  10,6cm -J
Electron energy 
modulation
10 MHz vM( v„ <x;V) experimental (Ref. 40)
Momentum 
collision frequency
160 MHz v(viiV ) v =  109 (Ref. 46)
Plasma frequency 1.55 GHz X u«2l ‘/2 ne =3X 10'°me£o
RF Breakdown
RF breakdown is actually somewhat simpler than DC breakdown because most of the 
electrons are able to undergo their oscillatory motion without colliding with a wall. In this 
case, the alternating electric field can accelerate the electrons sufficiently to produce the 
required amount of ionisation, and it is not necessary to invoke secondary electron
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emission processes. What is required is that the rate of ionisation balance the losses due 
to diffusion to the walls, volume recombination, electron attachment, etc.
The RF discharge will be discussed as follows (Howatson, 1965).
When an alternating field is applied to a gas, between two electrodes, the DC breakdown 
characteristics are still applicable if the frequency is below 1kHz. In this case, the time 
for one cycle is much longer than ion transit time and the formation of the sheath will 
accelerate the ions by the instantaneous field, with a distribution of energies up to 
approximately the peak AC voltage.
As the frequency of the AC source is increased, more charged particles are reversed in 
their drift motion before reaching the electrodes, or boundaries of the discharge. Hence 
the rate of electron loss is decreased. The rate of electron production tends to increase as 
electrons make ionising collisions during more than one traverse of the discharge space. 
But at the same time, fewer positive ions reach the electrodes to release secondary 
electrons. If this effect predominates, the peak voltage Vb for breakdown may at first
increase with frequency for discharge between electrodes. Ultimately, however, the 
reduced loss of electrons and increased multiplication per electron cause Vb to decrease
with increasing frequency (Howatson, 1965).
As the frequency is further increased, a point is reached when the electrons oscillate in the 
field with an amplitude much less than the discharge length, and none are lost to the 
electrodes. Then, the only significant loss is electron diffusion. Breakdown occurs if the 
rate of production of electrons, originating from ionising collisions by the few primary 
electrons present, just exceeds this diffusion loss.
At higher frequencies, at some stage the electron amplitude becomes very small and co 
» v ,  where oo is the angular frequency of the field and v is the total collision frequency 
for electron. There are then many cycles between collisions and each electron oscillates in 
phase with E. This occurs when p/f is less than about 10"9 Torr sec. In other words, the 
oscillating fields should be in the microwave range to sustain the plasma (Howatson, 
1965).
3.6.4. RF Plasma Nitriding
RF plasmas have been used in thermochemical processes such as CVD and plasma 
nitriding (Konuma, 1980-Matsumoto, 1985). The deposition of titanium nitride (TiN) on 
a steel substrate from TiCU in an N2  or an N2 -H2  plasma has been carried out in an 
inductively coupled RF (13.56 MHz) discharge (Konuma, 1980). The substrate
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temperature (850°-950°C) was much lower than that (1000°-1600°C) used in ordinary 
CVD deposition processes (Kagava, 1976). Veprek et al (1976), have studied the crystal 
growth of TiN by chemical transport reaction of titanium in a N2 -CI2  plasma prepared 
with a capacitively coupled RF discharge; TiN was deposited on an alumina tube inserted 
into the discharge tube.
Konuma et al (1977), have studied the surface nitriding of titanium, zirconium and steel in 
a N2  or N 2 -H2  plasma obtained with an RF discharge The inductively coupled RF 
plasma was formed using a 13.56 MHz, 500 W RF generator. The working pressure of 
the nitriding atmosphere was between 5 to 20 Torr. Treatment temperatures of 800°- 
850°C and 900-950°C were used for pure N2  and 90%N2-10%H2 respectively for 10 min 
to 49 h treatment times. The addition of hydrogen increased the diffusion zone and 
hardness (Raveh, 1993). It was concluded that the nitriding reaction rate was increased 
firstly by the absorption of NHX from the N2 -H2  plasma. Secondly it was increased by 
the suppression of the sputtering of titanium as a result of the quenching of excited N2 + 
ions by hydrogen atoms. However, the specific effect of hydrogen atoms on the nitriding 
was not established.
The electron temperature, Te, and the ion density, ni, of the plasmas were estimated by 
means of the electrical double probe technique. For nitrogen plasmas, Te was between 8 
and 10 eV and was between 9 and 11 eV for the N 2 -H2  plasmas, nj was 109-1010 cm-3 
for nitrogen plasma and about 1010 cm-3 for the N2 -H2  plasmas. The degree of ionisation 
was estimated to be of the order of 10_7-10-6 cm-3 for both plasmas. The floating 
potential was estimated to be between -80 to -100 eV. Therefore, sputtering of titanium 
as a result of bombardment by N2 + would be expected.
The effect of the RF frequency on the concentration of energetic species in an RF plasma 
has been studied (Raveh, 1993). At high frequencies, an additional increase in the 
concentration and density of energetic species can be achieved. It has been concluded that 
the higher population of electrons in the energetic tail of the electron energy distribution 
function (EEDF) is responsible for the formation of the higher energetic species. This in 
turn results in a substantially more efficient plasma reaction rate at higher frequencies. 
Higher plasma reaction rates were also deduced from the thicker compound and diffusion 
layer, indicating a higher nitrogen diffusion flux.
It has been noted that hydrogen in the gas mixture increases the nitrogen content in the 
nitrided layer and enhances nitride formation. This can be explained by the higher 
concentration of nitrogen-hydrogen molecular ions in the N2 -H2  plasma. Moreover, the 
gas composition has an additional effect on the crystallographic orientation. The addition 
of H2  to N2  plasma increases the (002) oriented e-phase and forms a random 8-phase.
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3.6.5. Microwave Discharges
In the last ten years, research scientists have been attracted to microwave induced plasmas 
(MIP) because of certain advantages over DC and low frequency plasmas. Some of the 
advantages of microwave induced plasmas can be summarised as follows:
1. They have a much higher degree of ionisation and dissociation which gives typically a 
10 times higher yield of active species than other types of electrically excited plasmas.
2. It is possible to sustain a microwave plasma over a very wide pressure range (from 10" 
5 Torr to several atmospheres), giving more possibilities for plasma application than most 
other forms of electrically stimulated plasmas.
3. The effects of sputtering or decomposition by the incident ions on the treated surface 
can be decreased.
4. The absence of internal electrodes removes a source of contamination and makes 
reaction vessels simpler.
5. The state of the art of microwave engineering at high power levels is relatively well 
advanced.
There has been intense interest in microwave discharges and their use in recent years. By 
using appropriate microwave applicators, microwave discharges can be efficiently created 
and maintained at pressures above several atmospheres with high gas temperature (>1000 
K) for thermal processing applications (Asmussen-1992, Mallavarpu-1978) to sub-milli 
torr pressures by ECR (Suzuki-1977, Geller-1979) with low gas temperature for 
applications such as thin film deposition and etching.
Non-ECR Microwave Plasmas
Microwave induced Plasma (MIP) technology at low pressure has been successfully 
applied to plasma etching, reactive ion etching, and plasma deposition processes. As a 
plasma generation method, RF discharge is most attractive, because a stable and uniform 
plasma is easily obtained over a relatively large area. Furthermore, the plasma is suitable 
for low temperature processes because of its relatively small heating effect. The gas 
pressures used range from 10*2to 1 Torr, and the plasma density is of the order of 1010 
cm-3. The ionisation ratio is from 10"6 to 10"4. In these plasmas, neutral molecules and 
radicals, (the majority of species present in the plasma) affect the etching or deposition 
reactions significantly, although the role of ions are often more essential.
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ECR Plasmas
One method of plasma generation by microwaves is electron cyclotron resonance (ECR), 
which was originally studied in the field of nuclear-fusion plasma research to produce and 
heat high temperature plasmas. The plasma technology for fusion aims at heating existing 
high density plasmas (1013 cm-3) to very high temperatures (>500 eV). For most plasma 
processing on the other hand, a moderate plasma generation and supply of reactants to the 
specimen with very little heating rate are usually required. The more modest requirements 
of plasma processing means the apparatus can be much simpler compared to that for 
fusion.
The ECR condition enables the plasma to effectively absorb the microwave energy. The 
basic idea of ECR is to synchronise the incident microwave frequency and the plasma 
electron cyclotron frequency by applying a suitable external magnetic field so that the 
plasma electrons can be accelerated in phase with a oscillating microwave electric field. 
The electron cyclotron frequency is given by
eB
ra
(3 .1 3 )
where e,B, and me denote electron charge, magnetic field intensity, and electron mass 
respectively. A microwave frequency of 2.45 GHz requires a magnetic field of 875 G to 
give resonance (Kim, 1994).
ECR plasma can also be generated at much lower gas pressures of 10-5 to 10'3 Torr than 
that of non-ECR plasmas. Generally, the plasma density is still of the same order as that 
of the RF produced plasma. Therefore, the ionisation ratio becomes 10-3 to 10_1, larger 
by about three orders of magnitude than that of the RF plasma. Furthermore, stable 
plasma generation is possible with reactive gases as in the case of the RF discharge, since 
no electrode configuration is needed.
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Microwave 
(2.45 GHz)
Fig. 3.9. ECR plasma deposition apparatus using material supply by sputtering.
Fig. 3.9 shows an ECR plasma deposition apparatus. A sputtering target with a shield 
electrode is placed at the plasma extraction window around the extracted plasma stream. 
The target is indirectly cooled through the water cooling of the shield electrode. 
Sputtering gas (Ar) and reactive gas are introduced into the plasma chamber and the 
specimen chamber. A DC voltage is supplied to the target plasma stream so that 
sputtering will occur with ions from the plasma stream. Sputtered particles are 
transported with the plasma stream to the specimen substrate. The process gas is ionised 
and transported in the same way.
3.6.6. M icrowave Induced Plasm a (MIP) N itriding
Recently, microwave discharges operating over 10 Torr pressures have been used for the 
nitriding of titanium (Shibutami, 1985). The apparatus for nitriding consisted of a 1 kW 
microwave power unit using a magnetron operating at 2.45 GHz. The microwave energy 
was transferred to a quartz tube (80 cm long and 18 mm in diameter), placed transversely 
through a resonant cavity via a rectangular waveguide. A continuous discharge was 
maintained. The power delivered by the generator was measured by a power meter set in
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the wave guide. An isolator, a shorting plunger and three stub tuners were used for 
matching.
The nitriding process was carried out in a nitrogen or a nitrogen-hydrogen gas mixture 
(9:1) at a pressure of 10 Torr and flow rate of 30 ml min-l. The power supplied was 
maintained at 150 W and the discharge was maintained for 2 hours. The surface 
temperature of the specimen (heated inductively in the discharge region) was measured 
using an optical pyrometer.
Plasma diagnostics were carried out during nitriding using emission spectroscopy and an 
electrical double-probe. The emission spectra from the plasma were measured in a 
direction perpendicular to the discharge tube using a monochromator at several positions. 
The double probe consisted of the plane ends of two tungsten wires 0.35 mm diameter set 
into a quartz tube.
Table 3.3. Electronic transitions observed in the emission spectra of plasmas.
Plasma Transition observed at 900 200 nm
(a) Discharge region
Nz n2, B3ng-AJz;, Au = 0 - +4 (v' < 5)n2, c3nu-B3ng, Au = —7 - +2(v' < 1)n2, D3s;-B3ng, Au := -6 - 0 (vJ' < 6)N/, B2ZJ-X2‘, Au != -2 -+2(v‘r 6)NO, A2+-X2I1, Au := —6 - +2(v' < S)N, 2p2(3P)-2p2;3sSiNt-H2 N2, b3iib-a3z;, Au = 4 (v'< 4)
(.9 :1 ) Na, c3nu-B3ng, Au = -7 - +2(v'< 1)n2, D'Zi-B3!!,, Av ■-= -6 - 0 (v'< 6)n2+,b2z;-x2z;, Av -= -2 -0 (v;< 4)NO, A2Z*-X2I, Au = —6 - +1(v'< 8)NH, a3[i-x3s- Au = 0 (0-0, 1-1,2-2)H, H*, H„, H,
i<b't Afterglow regionN2 N2, B3ng-A3Z*, A v =: 0 - +5 (v' < 7)n2, c 3n u- B 3n g, Av =: —4 - +2(v' < 7)
n 2+, B 3Zy-X2Zg, Av = + 1 - +2(v' < 4)
x , - h 2 n2, B3n g- A 3S i , A v = + 1 * +4 (V < 6)
0 9 :1 ) n2) c 3n u- B 3rie, A v =—4 - +2(v' < 1)NH, A 3II-X3Z- Av =0 (0-0, 1-1)h,hq!»
The emission spectra from the nitrogen and nitrogen-hydrogen plasmas during the 
nitriding of titanium were observed. The electronic transitions observed in the emission 
spectra from the plasmas in the discharge region from 900 to 200 nm are given in 
Table 3 .3 . The first, second and fourth positive systems of N2 and the first negative
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system of N2+ were observed in the nitrogen plasma. The NO y system and some 
silicon line spectra were observed in the shorter wavelength region and weak line spectra 
of N atoms based on the transition 2p2(3p)3P-2p23s were observed in the longer 
wavelength region. The first, second and fourth positive systems of N2 were observed in 
the spectra from nitrogen-hydrogen plasma. The A3II-X3X- electronic transition of NH 
and some hydrogen line spectra were observed and the first negative system of N2+ was 
considerably decreased.
The electronic energy, kTe and the ion density, n^of the plasma were measured in several 
parts of the plasma using an electric double-probe technique. The results obtained are 
shown in Fig. 3.10 as a function of the distance from the centre of the cavity. In the 
discharge region, kTe was higher than 20 eV for the nitrogen plasma and higher than 10 
eV for the nitrogen-hydrogen plasma. The kTe decreased with increasing distance and 
reached 2-3 eV for both plasmas in the afterglow region. Although double probes are 
always negative with respect to the plasma and only the high energy tail of the electron 
energy distribution function is sampled, electrons in the discharge region would have 
sufficiently high energy to excite, ionise and dissociate nitrogen molecules. In the after 
glow region, the kTe was not high enough for ionisation or excitation. The ion density,
nj? was lOiO-lO11 cm-3 for both plasmas in the discharge region and it also decreased 
with increasing distance. In the afterglow region, nj was 108-107 cm-3 for both plasmas.
The effect of the addition of hydrogen to the nitrogen plasma was not very large. The 
degree of ionisation of nitrogen in the discharge region was estimated to be the order of 
10'6 for both plasmas and it was of the order of 10-11 in the afterglow region.
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Fig. 3.10. Electron energy kTe ( # ,  • )  and ion density ni (O, O) vs. distance from
the center o f cavity: Oand O, nitrogen plasma Band D nitrogen-hydrogen plasma
(after Shibatumi, 198 5).
This investigation was merely a scientific study, no attempt was made to compare the 
resultant microstructure with DC or RF nitriding. Although the method of substrate 
heating was not clear, it does appear that auxiliary heating in the form of induction 
heating was utilised. The use of the quartz tube is regarded as the major limitation of this 
work because it seriously restricts the size of the specimen that can be treated. Needless 
to say, to make the process industrially attractive, it is mandatory for the system to be 
scaled up and the quartz tube to be discarded.
3.6.7. M echanism  of Plasm a N itriding of T itanium
Over the past 20 to 25 years, plasma or ion nitriding has been accepted as an alternative 
to gas nitriding and as a low distortion diffusion treatment for enhancing the surface wear 
properties of steels and non ferrous metals such as titanium and titanium alloys (Leyland, 
1989).
Despite a number of theories and because of the complexity of species in the plasma as 
well as the interactions among them and with solid surfaces, it is impossible to present a 
universally accepted model to explain all the processes which occur at the plasma-surface 
interface and in the bulk material during plasma nitriding (Rie, 1990). Generally, four 
surface reactions have been suggested:
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1. Sputtering
2. Ion implantation
3. Absorption of gas
4. Condensation / deposition.
In the plasma assisted processes, sputtering by ion bombardment has two effects. 
Firstly, desorption of absorbed impurities provides a clean substrate surfaces for chemical 
reactivity. Secondly, is the formation of compound layers from sputtered surface atoms 
redeposited onto the surface with plasma gas atoms (Inal, 1990).
Hudis (1973), in a study of ion nitriding of steel, concluded that NH+ and/or NH2+
molecular ion species were primarily responsible for nitriding, and that no nitriding 
occurred unless H2 was present. This idea was supported by Liu et al. for the plasma
nitriding of titanium and zirconium (Avini, 1987). However, results obtained by Rolinski
(1988) using N2 only tend to contradict this conclusion. Tibbetts (1974) concluded that
the neutral nitrogen atoms of high energy, i.e. excited neutrals, govern the nitriding 
processes of steels in a plasma treatment and that a DC glow discharge is superior to an 
RF discharge in providing these atoms near the cathode. Konuma and Matsumoto (1977) 
investigated the plasma nitriding of titanium and reached the conclusion that the surface 
adsorption of the N and NH radicals is the rate-determining step, followed by a diffusion 
process in the substrate.
Matsumoto et al.(1985), investigated the interaction between nitrided titanium and a 
hydrogen plasma generated using an RF discharge. He concluded that the increase in the 
rate of the nitriding reaction of titanium in the N2-H2 plasma compared with that in the 
nitrogen only plasma is, firstly, due to the absorption of NHX radicals formed in the 
plasma and, secondly, due to the suppression of the sputtering of titanium as a result of 
the quenching of excited N2+ ions by hydrogen atoms. Recently, an investigation has 
been conducted of plasma nitriding of Ti-6A1-4V alloy by Raveh (1993) using an 
inductive RF plasma . He has concluded that the formation of the nitrided layer proceeds 
by several simultaneous steps: sputtering and etching of titanium from the surface, 
reaction between titanium and nitrogen in the gas phase and deposition of TiN, and 
diffusion of H, NH, and N into the treated surface.
Shibutami et al. (1985), conducted an investigation on the nitriding of titanium in 
microwave discharges. Nitrogen or nitrogen-hydrogen mixtures were introduced into the 
discharge tube and the pressure and flow rate were kept at 10 Torr and 30 ml min-1,
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respectively. He concluded that results obtained for nitriding in nitrogen and nitrogen­
hydrogen plasmas are similar to those obtained in an RF discharge.
However, during plasma nitriding of titanium alloys, a further factor which must be taken 
into account when considering growth rate is the role of oxygen and passive oxide films. 
It is well known that a natural passive oxide film exists on titanium alloy surfaces. 
Furthermore, during the plasma nitriding operation, oxygen may be present due to the 
natural leak rate of the reactor, moisture on the reactor walls and within the treatment gas 
itself. Titanium is likely to react with any residual oxygen present. However, hydrogen 
in the treatment atmosphere may lead to faster depassivation by increased sputtering rates 
or by the chemical reduction of the oxide. Furthermore, it may combine with residual 
oxygen within the atmosphere, effectively removing it (Salehi, 1990).
Bollinger, Bucken and Wilberge (1977), suggested that the sputtering-condensation 
model illustrated in Fig. 3.11, best describes the mechanism by which plasma nitriding of 
titanium occurs. According to this model, titanium ions released from the surface by the 
sputtering action of the glow discharge react with nitrogen in the discharge to form TiN 
or, if the nitrogen potential is lower, Ti2 N. Further layer formation is then only possible 
by diffusion of nitrogen through this outer nitride layer, since at the treatment 
temperatures employed, decomposition of TiN (providing nitrogen for sub-layer 
formation) is unlikely. This compound layer therefore, acts as a brake to the nitriding 
process (Lanagan, 1989).
However, Liu et al. (1978) disagree with this theory, reporting that the primary step in the 
plasma nitriding of titanium involves the implantation of nitrogen ions and nitrogen­
hydrogen molecular ions into the surface and near surface regions, followed by chemical 
reaction with the metal lattice to form a nitride phase. Diffusion of nitrogen from the 
nitride phase extends the reaction into the bulk (Lanagan, 1988).
Chapter Three Plasma Nitriding 66
Fig. 3.11. Possible elementary process for plasma nitriding o fT i
(after Bollinger, 1977).
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4. FUNDAMENTALS OF MICROWAVE RADIATION
4.1. Characteristics of Microwave Radiation
Microwave radiation is part of the electromagnetic spectrum, and in this respect is 
identical to visible light, the only difference being the wavelength of the radiation which is 
several orders of magnitude longer. All the properties associated with light therefore 
apply equally to microwaves. For instance, light generated by a source such as a light 
bulb radiates through space with a velocity of propagation of 3x10 ms-1. This radiation 
can be focused by lens systems, reflected by mirrors, refracted or made to change 
direction at a dielectric interface, or be absorbed by a black screen.
Maxwell's classical theory of electromagnetism stipulates that all electromagnetic radiation 
has associated electric and magnetic fields, E and H , respectively. Fig. 4.1 depicts the 
simplest type of electromagnetic wave, a monochromatic, plane, linearly polarised wave 
in vacuum. "Monochromatic" implies that the variation of field strength at any point in 
space with time can be described by a sine or a cosine function, i.e. for a single frequency
0), E = E0 sin 2m
~ Y
or E = E0 sin cot and H = H0 cos 2 m
~ T
where T is the period of the wave (the time for one complete cycle) and E0 and H0 are 
the amplitudes of the electric and magnetic fields, respectively. "Plane" refers to the fact 
that at all points in space, the wave is travelling in the same direction, shown as the z 
direction in Fig. 4.1. Also, at any instant the values of E and H are the same at all 
points in a plane perpendicular to this direction. "Linearly polarised" refers to the 
uniqueness of the direction of electric field vector E (or magnetic field vector H). 
According to Maxwell's theory E and H must be mutually perpedicular and be 
perpendicular to the direction of propagation (x axis in Fig. 4.1). If we chose the 
direction of E to be the y axis, then the plane of polarisation is conventionally taken to be 
the XY plane which contains E and the direction of propagation.
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y
Fig. 4.1. A plane monochromatic electromagnetic wave.
Table 4.1. Electromagnetic spectrum.
Wavelength
3 3 0 .4 -0 .7  1 1 10
pm ^  pm  mm m Km
7  &
X-rays Vi Infra RadioCosmic Ultraviolet si red Micro v a v e s frequencies
Rays blb
22 20 17 14 l l 8 4
10 10 io 10 3x10 3x10 io
Frequency (Hz)
The frequency of the wave is the number of complete cycles per second at a point /  =
The wavelength X is the distance travelled in one period, and the speed of propagation
X
through space is c = — or c = fX . The monochromatic, plane wave illustrated in Fig. 
4.1 is thus described by:
E = E0 sin (cot-kx)
H  = H0 cos (cot -  kx)
( 4 .1 )
( 4 .2 )
where co = I r t fand k = — .
X
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As noted previously, the principal distinction between the various forms of 
electromagnetic radiations is the wavelength or frequency of the radiation. The 
electromagnetic spectrum presented in Table 4.1 shows the relative position of 
microwave radiation with respect to other radiation in both the frequency and wavelength 
domains.
The microwave frequencies allocated for industrial, scientific, and medical (ISM) use are 
915 MHz and 2.45 GHz. These frequencies correspond to wavelengths in free space of 
32.8 cm and 12.25 cm, respectively. The ubiquitous domestic microwave oven operates 
at 2.45 GHz because of resonant absorption by water (H2 O) molecules at this frequency.
4.2. Generation and Transmission of Microwaves
Broadly speaking, all microwave processing systems, irrespective of their intended 
application, consist of three main components: a microwave generator with its electric 
power supply, a transmission line and an applicator, as shown in Fig. 4.2. For instance, 
in material processing applications, the microwaves are transmitted, via a waveguide, to a 
resonant or an oversized cavity which is the processing chamber. A more detailed 
description of these components is given below.
Cont ro I
Fig. 4.2. Essential components o f a microwave processing system.
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4.2.1. M icrowave Generators
Low power microwaves are normally generated by solid-state oscillators. The power 
outputs available with silicon transistors are on the order of 100 W at 915 MHz and 15 W 
at 2.45 GHz. High power microwaves required for most IMS applications are generated 
in vacuum tubes which either utilise a linear electron beam (type O) or a cross field (type 
M). The Klystron and the travelling wave tube belong to the former category where no 
magnetic field is present. A cross field configuration (between electric and magnetic 
fields) is used in type M devices such as the magnetron in which the electron beam 
follows a curved trajectory under the combined effect of mutually orthogonal electric and 
magnetic fields. At present, high-power klystrons capable of delivering up to 60 kW 
power at 2.45 GHz are available at a premium price but the majority of industrial 
applications employ magnetrons with up to 10 kW of power. If higher power is required, 
several microwave generators can be used in parallel. Since only a magnetron was 
employed in this work, the Klystron and other types of generators will not be discussed 
further.
Magnetron
The magnetron is a highly evacuated (10-9 Torr) symmetrical (circular) structure 
consisting of a circular tube containing a hollow cylindrical anode with a directly or 
indirectly heated tungsten cathode along its axis, Fig. 4.3a, and b. The gap between the 
anode and cathode defines the region for the generation of microwaves. The shape of the 
resonant cavity is defined by the vanes which are either brazed or machined in the curved 
interior of the anode block.
Thuery (1992) has given a thorough description of the operation of the magnetron. 
According to this description, a high electric field strength is developed by applying a 
constant potential difference of several kilovolts between the anode and cathode which are 
separated by a few millimetres. Permanent magnets and/or an electromagnet produce a 
linear magnetic field parallel to the axis of the tube. Electrons emitted thermionically by 
the cathode are accelerated on a radial trajectory towards the anode by the electric field. 
The radial trajectory is converted into an almost cycloidal path under the influence of the 
axial magnetic field.
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A — Anode 
C — Cathode cap 
H — Magnetic field 
K — Cathode
S — Radio frequency output 
Vo — Collector voltage
(b)
Fig. 4.3. Diagram (a) and structure (b) o f a magnetron 
(after Thuery, 1992).
For magnetic field strengths (B) greater than some critical value defined by the geometry 
and potential difference, the electrons cannot reach the anode and form a space-charge 
cloud that rotates in the interaction region. As B increases, the space-charge cloud comes 
closer to the cathode. The anode and its cavities constitute a periodic structure that 
interacts with the electron cloud. Electrons passing through the cavity undergo 
acceleration or deceleration, and hence tend to form bunches. These rotating bunches set 
up an RF field resonant with the cavity.
The RF oscillations are self-sustaining, and the excess RF energy is extracted by a 
coupling loop and sent to the coaxial exit of the tube where it is launched into a 
tranmission line or free space (Thuery, 1992).
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Magnetrons are relatively compact and efficient power convertors (60-65% efficiency), 
and their low cost of manufacture has made them the most popular source of microwaves.
Despite the reasonable efficiency of magnetrons, the unconverted power («35%) 
dissipates as heat in the anode and cathode. This heat can be removed in the smaller 
models normally used in domestic ovens (total power 500-900W), where the magnetron 
is mounted in finned heat sinks, Fig. 4.3-b, with an air blower. Higher power 
magnetrons capable of delivering up to lOkW require water cooling (Rowe, 1988). 
Operating lives of magnetrons are generally in the order of 2000 hours (Rowe, 1988), 
although with care this can be extended to well in excess of 4000 hours (Senise, 1991).
The choice of magnetron is dependant on the exact application. Domestic magnetrons 
operate optimally for loads of approximately 300 ml water inside the oven cavity (Login, 
1991), but can handle varying loads, including the empty cavity situation (Stuchiy,1983). 
Low loading is of course undesirable and continued use shortens the life of the magnetron 
considerably as power can be reflected back from the applicator to the magnetron (Rowe, 
1988). For simplicity and economy of manufacturing, the magnetrons used for domestic 
applications are not protected against reflected power.
4.2.2. Transmission of Microwave Radiation
Microwave energy can be transmitted through space by radiation as in the case of 
microwave relay networks. It is one of the simplest transmission modes. However, such 
systems are rather inefficient for relatively short distances (Ishii, 1989). Transmission 
lines provide an enclosed continuous path for connecting the microwave generator to the 
applicator. The main forms of transmission lines used in microwave systems are: (i) 
two-wire (ii) coaxial, Fig. 4.4a and (iii) waveguides Fig. 4.4b. Waveguides are further 
sub-divided into cylindrical and rectangular lines (Staniforth, 1972).
The two-wire or parallel-wire line, introduced by Lecher in 1890, is one of the oldest 
types of transmission line and is usually operated in the TEM mode (Ishii, 1989). Low 
frequency circuits operating below 500 MHz (the lower range of UHF band used in TV 
broadcast), uses the simple open two-wire lines. At higher frequencies, two-wire lines 
are not suitable because of the tendency to radiate energy at a discontinuity or a bend in 
the line and therefore coaxial cables must be used.
For high power tranmission at 2.45 GHz, a metallic waveguide is used because of the 
absence of dielectric losses associated with coaxial lines. Waveguides are usually metallic 
tubes with rectangular, circular, elliptical and ridged cross-sections, as depicted in Fig. 
4.4-b. The frequency, bandwidth, power handling capability, impedance and mode of 
the transmission line are governed by the physical size and shape as well as the
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waveguide material. The energy transfer or propagation occurs via several distinct modes 
which can be predicted using Maxwell's equations. Each mode represents a unique 
pattern describing the distribution of electric and magnetic fields in the waveguide. It is, 
therefore, possible to design appropriate waveguides for any specific mode which might 
be required within the transmission line.
Broadly speaking, there are two possible modes of transmission which are refered to as 
transverse electric (TE) and transverse magnetic(TM) modes. In the TE mode 
the electric field is transverse to the direction of propagation at all points and the magnetic 
field has a component parallel to the direction of energy transmission. For the TM 
waves, electric field components lie in the direction of transmission, but the magnetic field 
lines are perpendicular to the direction of tranmission (Thuery, 1992).
According to these definitions, the plane wave corresponds to the TEM mode, where both 
magnetic and electric fields are perpendicular to the direction of propagation. It can be 
shown that this mode will propagate in the coaxial cable (see Fig. 4.4a), but cannot 
propagate in a waveguide (Thuery, 1992).
H
►
(b)
Fig. 4.4. Cross sections of (a): a coaxial transmission line, (b): a rectangular
waveguide (after Thuery, 1992).
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Rectangular Waveguides
Microwave radiation when launched into the waveguide can be bounced back and forth 
between the walls with a net transfer of energy down the waveguide. This rather crude 
picture is in fact a fairly accurate description of the mechanism by which waveguide 
propagation takes place (Voss, 1973). However, if the larger of the waveguide 
dimensions, "a” in Fig. 4.5a, exceeds 0.5 X (the free space wavelength of the radiation) 
but is less than A, propagation is only possible in one mode which is referred to as the 
"dominant mode". In other words the waveguide is acting like a high-pass filter. In this 
mode, the electric field is in the Y direction as shown in Fig. 4.5b, and varies sinusoidally 
in the X direction with a maximum at X = a/2 and two minima (nulls) at X = 0 and a.
Waveguide propagation in higher order modes is also possible, but waveguide 
dimensions are almost always chosen such that only the dominant mode of propagation is 
possible in the frequency range of interest.
y
(b)
Fig. 4.5. (a): Notation used with rectangular waveguide,
(b): Electric field pattern of a TE103 cavity.
Individual modes in a rectangular waveguide are identified by giving the class of 
transmission mode, followed by three numerical subscripts. These subscripts are 
integers, and indicate the number of half-period variations in the transverse field intensity 
along the x, y and z dimensions of the guide. The dominant mode, for example, in a 
rectangular waveguide is the TEi0p mode. Here the class of the wave is of the transverse
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electric type and the subscripts indicate that there is single half-wave variation of 
transverse field along the x-axis, and that there are no variation in the y-axis. The third 
subscript is the number of the half-wave variation in the z-direction. This is best 
explained pictorially as shown in Fig. 4.5b. The field distribution of the TE10p mode is 
illustrated in Fig 4.6.
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Fig. 4.6. The field distribution of the TEjop mode.
It was mentioned earlier that propagation is only possible if the waveguide dimension "a"
A
exceeds —. If X >2a, propagation or transfer of microwave power down the waveguide
is not possible. A waveguide thus possesses a cut-off wavelength (Ac= 2a) and an 
associated cut-off frequency (fc=c/X c). For frequencies less than f c or wavelengths 
greater than Xc, waveguide propagation is not possible.
In waveguides, the velocity with which energy is propagated down is less than the free 
space velocity. This velocity is called the group velocity , and can be shown to be
given by
v = c- 1 ( L ) 2
v / y
(4 .3 )
The wavelength of a wave propagating in a waveguide is called the guide wavelength Xg 
and is given by
A
f ( i fV I f  J
(4 .4 )
Clearly, Xg is always greater than the free space wavelength A for propagation of 
energy at a given frequency.
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At the ISM frequency of 2.45 GHz, rectangular waveguides WR284, WR340 and 
WR430 are commonly used. These waveguides have broad dimensions "a" of 2.84 , 
3.40 and 4.30 inches, respectively. WR248 waveguide is not as well suited for high 
power applications since 2.45 GHz is rather near the cut-off frequency of this waveguide 
and hence waveguide losses are greater.
Circular Waveguides and Cavities
Cylindrical waveguides are used less frequently than rectangular waveguides for 
microwave transmission because of mode instability. For any mode of transmission in a 
circular waveguide, the transverse field may be resolved into two components, tangential 
and radial. The notation applied to circular waveguides is that shown in Fig. 4.7.
Any particular mode is identified by the notation TEmnp or TMmnp where m is the number
of the tangential full periods, n the radial half period and p the axial half period variations 
of the electromagnetic field. The dominant mode in circular waveguides is the TE11P 
mode, which corresponds to the TE10p mode in rectangular guide. This mode is shown
in Fig. 4.8 along with a number of the other possible modes of transmission. Referring 
to Fig. 4.8, it can be seen that the TMqip mode is the most suited circular waveguide
necessary for heating and has been extensively researched. The magnetic field lines are 
perpendicular to the z-axis, the E-field has no fullwave pattern changes around the 
circumference but has one half wave E-field changes across the diameter. The axial 
electric field renders such a cavity suitable for heating filamentary materials such as 
textiles, fibres, yarns,, etc., as well as liquid placed along the axis (Metaxas, 1986). An 
advantage of the TMq1p mode, is that coupling the microwave energy into such a cavity 
can be achieved through a rectangular waveguide operating in its TE10 mode. An
example of this coupling is shown schematically in Fig. 4.9 along with the field 
distribution of a T M q10 mode circular waveguide. The cut-off wavelength in a circular
waveguide for all modes depends upon the ratio of diameter to wavelength. For the 
TM01p mode, the cut-off wavelength is given by
Xc = 2.613a| (4 .5 )
where a=cavity radius and the waveguide wavelength is given by Eq. 4.4
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Fig. 4.7. Notation used in a cylindrical waveguide.
Fig. 4.8. Field configuration of various modes in a circularwaveguide. Solid lines 
indicate electric field, broken lines magnetic field.
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Fig. 4.9. H-H coupling of a cylindrical cavity to the connoting waveguide 
--------- , magnetic field lines (after Metaxas, 1983 ).
4.3. Standing Waves
The propagation of a wave along a waveguide is more efficient when reflections toward 
the source are negligible. The extreme case of total mismatch, or short circuit, occurs 
when a metal plate closes the waveguide. In this case all the incident wave energy will be 
reflected (Thuery, 1992).
If one wave propagates in one direction and a second wave propagates in the opposite 
direction, the two waves interfere to produce a time average field intensity which varies 
along the direction of propagation. This field intensity variation is stationary in space and 
hence referred to as a standing wave pattern. The standing wave pattern alternates with 
time at the microwave frequency. Standing waves are of particular interest in microwave
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heating systems since a material exposed to a standing wave field is not uniformly 
heated.
In the case of a plane wave in free space, maxima of the interference pattern or standing 
wave are spaced X U  apart. In a waveguide, the interference maxima are Xg / 2
apart. Although standing waves are generally undesirable in applicators, they may be 
useful in some instances. Also, they provide a convenient means for measuring some 
characteristics of microwave systems such as wavelength. For example, assume that a 
waveguide delivers a field of unit amplitude to a microwave absorbing load. Assume 
further that a fraction p of the unit amplitude incident field is reflected from the load and
the remainder is absorbed. In the waveguide delivering power to the load, there will thus 
be a standing wave pattern with maxima of amplitude (l + p) and minima (l - p ) .  The
ratio of the maximum to minimum field amplitudes is called the Voltage Standing Wave 
Ratio (VSWR) and is given by
VSWR =Ye 1+P 
1 ~P
(4 .6 )
VSWR ranges from 1, for zero reflected power, to infinity for 100% reflected power. 
Instruments for measuring VSWR are available and called standing wave detectors, or 
slotted lines. Also, directional couplers are available which separate the forward from the 
reflected waves by selectively sampling a small amount of power from the waveguide, 
enabling the ratio of forward to reflected power to be measured (Metaxas, 1983 ).
4.4. Microwave Cavities
A cavity is defined as a volume enclosed by a conducting wall. Depending on their 
dimensions as compared to the wavelength, cavities are said to be "resonant" or single 
mode, and "oversized" or multimode, respectively.
4.4.1. Microwave Resonators
Radio-frequency energy can be stored in a resonant circuit consisting of an inductance and 
a capacitance. The stored energy reaches a maximum when the radio frequency is the 
same as the resonant frequency of the circuit. The electrical energy is stored in the 
capacitance, and the magnetic energy is stored in the inductance. The stored energy 
oscillates back and forth between the capacitance and the inductance at the resonant 
frequency. A similar circuit configuration built in a microwave circuit is called a 
microwave resonator. In the high-frequency range of microwaves, a microwave 
resonator is usually a cavity in which the electromagnetic waves are enclosed. The wall 
material of the cavity is usually a good conducting substance. In the cavity resonator, the
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electrical energy is stored in the electric fields and the magnetic energy is stored in the 
magnetic fields. And again the energy of the wave oscillates back and forth between the 
electric fields and magnetic fields. In the resonant cavities the corresponding special 
configurations, TEmnp and TMmnp are the cavity modes. The lowest frequency for which
resonance occurs is defined to be the fundamental. Higher order resonances occur and 
each resonance has a specific field structure within the cavity.
These cavities represent large volumes of stored energy which can be transformed into 
heat via displacement and conduction currents flowing in any dielectric material placed 
within the cavity. High absorption of the incident energy is the feature of these cavities. 
However, operation must be within narrow frequency bands in order to maintain high 
coupling efficiencies. In general, for the same power applied, a single mode resonator 
will establish much higher electric field strength than a multimode applicator and for this 
reason, the former is the most useful applicator for the treatment of low loss dielectrics 
(Metaxas, 1983).
Circular Resonant Cavity
In a resonant cavity, the VSWR should ideally be 1, indicating that all the incident power 
is being utilised within the resonant cavity. For the TMqip mode resonant cavity, the
resonant wavelength of this mode is given by
3 -  2
w
( 2.405^| 
l  7CR J
2
+
iz TU  J
where p=0,l,2,3,..., and R is the radius of the cavity and L is the length.
For the special case when p=0, the TMqiq mode resonant cavity results, and from
equation (4.7) it can be seen that the cavity length has no significance on the resonant 
wavelength. Thus, for TMqiq mode resonant cavity, the cavity diameter is the limit that
determines if resonance will occur.
The field configurations for TMqh and T M ^  are shown in Fig. 4.10. Note that all the
magnetic field lines are closed, and they are all parallel to the transverse plane of the 
cylindrical-cavity resonator. Some of the higher mode field configurations for the TMmnp
mode of the cylindrical-cavity resonator are shown in Fig. 4.11. The field configurations 
of the TMmnp mode contains repetitions with phases reversed from those of the TMmnj
mode fields. The boundary of the configuration repetition is shown by a chain line in 
Fig. 4.11. Magnetic-field lines at the strongest magnetic-field position are also shown. 
Note that there are n magnetic loops for the TMmnp mode along the heavy dashed line.
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Note also that for the TMmnp mode, there are m symmetrical planes that separate 
individual magnetic-loop groups (Ishii, 1989).
4.4.2. M ultim ode A pplicators
The most widely used microwave applicator is of the multimode type, used universally in 
domestic ovens, and for a large number of both low and high power industrial systems. 
Mechanically simple, it is versatile in being able to accept a wide range of heating loads, 
although heating uniformly is frequently a problem.
In principle the multimode applicator is a closed metal box with some means of coupling 
in power from a generator, the dimensions of the box should be several wavelengths long 
in at least two dimensions. Such a box will support a large number of resonant modes in 
any given frequency range (Metaxas, 1983 ).
Fig. 4.10. Field configurations ofTM Oll and TM111 modes
(after Ishii, 1989 ).
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Fig. 4.11. Sketch o f electromagnetic-field configuration o f TMmnp-mode cylindrical- 
cavity resonator (note: since this configuration is a repetition of the basic mode, some 
field lines are omitted for sake o f clarity (after Ishii, 198 9).
4.4.3. Q uality  F ac to r
The measure of the sharpness of response of a cavity to the external excitation is called the 
quality factor Q which is defined as
<2 =
2;r(total energy stored) 
(energy dissipated / cycle)
coU
P
(4 .8 )
where P is the power dissipated in the cavity. The energy stored in the cavity, U , is 
independent of time and can be defined in terms of either the electric or the magnetic fields 
since the energy is equally divided between the two, averaged over a cycle. The energy 
dissipated includes wall losses as well as energy deposited in the dielectric placed within 
the cavity. Therefore treating the cavity in isolation from the rest of the external circuit, 
the loaded <2o can be defined as
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&  =
2;r(total energy stored) coU
(energy dissipated in walls and the dielectric / cycle) Ps + PM (4 .9 )
where Ps and Pw are the powers dissipated in the walls and inserted dielectric 
respectively. A Q factor can be assigned to an empty cavity, this being defined as
(4 .1 0 )
where co' is the angular frequency of the same cavity without any dielectric inserted 
within it. Assuming that co =  co' , we obtain this equation
_L_
2b
l 1
e / f t '
(4 .1 1 )
in which Qd = ooU
Pw
being the Q -factor due to the dielectric loading (Metaxas, 1983).
4.4.4. Exciting a Plasma in a Resonant Cavity
It is well known that the presence of a plasma in the electric-field region of a normal mode 
in a resonant cavity causes the resonant frequency of the cavity to increase (Halverson, 
1969). This, of course, is because the dielectric coefficient:
00 *
k = l -----“T
00* (4 .1 2 )
of the plasma is less than unity (here CDp and co are the radian frequencies of the plasma 
and of the cavity field, respectively). A consequence of exciting a plasma in a resonant 
cavity is that the detuning of the cavity causes a mismatch between the impedance of a 
fixed-frequency microwave power source and that of the plasma-filled cavity. An 
impedance-matching network placed between the source and the cavity can compensate 
for this mismatch, but only at the expense of a power loss in the mismatching network. 
This loss increases as the mismatch increases. Thus, for a plasma excited in a cavity by a 
source operating at the empty-cavity frequency, the consequences of increasing input 
power are that as the plasma density increases (a) both the detuning and the impedance 
mismatch increase, (b) the power loss in the impedance-matching network increases, and 
hence (c) the fraction of the input power available to the plasma plus cavity decreases. 
Kent and Heinz (1968) have demonstrated that in such a case the plasma density is 
proportional to the square root of the input power. It is therefore evident that fixed- 
frequency excitation is an unpromising method of establishing a high-density plasma in a 
resonant cavity.
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A more promising method would be one in which the losses in the matching network are 
made to decrease rather than increase, thereby making a larger fraction of the input power 
available to the plasma itself, i.e. methods whereby the frequency difference between the 
microwave power source and the cavity is reduced rather than increased. Two obvious 
methods are either to decrease the resonant frequency of the plasma-filled cavity 
(retuning) or to increase the excitation frequency of the power source (frequency 
shifting). The retuning method would involve either variable cavity dimensions or the 
presence of physical retuning elements inside the cavity. In the development of a suitable 
system for MIP nitriding of titanium we took the advantage of the broad spectrum of a 
low cost microwave magnetron similar to those in microwave ovens, and an internal 
matching system for the resonant cavity.
The magnetron oscillation frequency changes over a wide range as instantaneous anode 
current changes because the electron cloud in the interaction space of the magnetron acts 
as a reactance element. Fig. 4.12 shows an example of a magnetron spectra. This 
frequency change is very complicated because the load (here the plasma) impedance 
depends on frequency, and the frequency depends on the load impedance. Therefore, 
multiple fundamental oscillations can be generated (Kohsaka, 1989).
Fig. 4.12. Example o f magnetron oscillation spectrum 
(after Kohsaka, 1989).
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5. EXPERIMENTAL PROCEDURES
5.1. Introduction
In the initial stage of this project a substantial effort was expended to develop a suitable 
reactor for generating microwave induced plasma for nitriding of titanium. Since no 
commercial system was available at the time when the project was commenced it was 
necessary to design, construct and commission a purpose built system. Therefore, the 
first part of this chapter has been devoted to a thorough description of the system from its 
conception to the implementation of the design. A complete chronological account of the 
evolution of the system is presented.
Essentially, two different designs, Mark I and Mark II, were tried. The Mark I system 
used a quartz tube as the reaction chamber inserted in a cylindrical cavity. This approach 
imposed several limitations on the operation of the system. The quartz tube was replaced 
by a water cooled stainless steel cavity in the Mark II system. In section 5.2, the rationale 
for selection of these two designs is discussed in addition to the details of operation and 
the total system set up. Section 5.3 covers the details of plasma nitriding treatments in the 
Mark II MIP system and DC plasma nitriding carried out in a commercial system. The 
extensive microstructural characterisation carried out to gain an insight into the influence 
of the mode of plasma excitation, i.e. MIP or DC plasma, on the structure and properties 
of nitrided titanium alloy Ti-6A1-4V is also provided.
5.2. Development of the MIP System
Preliminary experimentation in a domestic microwave oven demonstrated the feasibility of 
generating plasma even at atmospheric pressure. A simple test was devised whereby a 
plasma was generated in a fused quartz enclosure placed inside a domestic microwave 
oven. The plasma was triggered by microarcing from steel wool placed inside the 
enclosure. It was observed that this plasma was capable of nitriding titanium, judging by 
the golden surface colour of the titanium sample after exposure to the air plasma. This 
simple test clearly indicated that microwave induced plasma (MIP) is an effective mass 
transfer medium for the nitriding of titanium.
The domestic oven was unsuitable for continuation of the work for several reasons. Its 
main limitation is the inability to vary the microwave intensity, thus rendering temperature 
control almost impossible. Power control is only possible by varying the duty cycle of 
pulses used to turn the generator on and off. However, the plasma is extinguished each 
time the generator switches off. There is also no provision in the oven for atmosphere 
control. Temperature measurement was also found to be problematic in this simple set
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up. These parameters (power, temperature and atmosphere) are critical in a 
thermochemical treatment such as nitriding. The position of the plasma ball in the 
domestic oven was uncontrollable because of the non-uniform field distribution associated 
with the untuned multimode cavity. To accurately control the position of the plasma ball, 
a tunable single mode cavity is required with well matched impedance.
The major thrust of the work in the next stage was to design and build a single mode 
resonant cavity with atmosphere and temperature control. A tunable stainless steel cavity 
powered by a variable power supply with a maximum output power of 1.2 kW was used. 
Standard microwave power engineering components such as waveguides, three stub 
tuner, sliding short, circulator, apertures, etc. were employed to transmit the microwave 
power from the generator to the cavity. A controlled atmosphere was established by 
evacuating a quartz tube situated in the centre of cavity and then backfilling with a 
hydrogen/nitrogen mixture.
Two different kinds of plasmas, low pressure-low temperature (LPLT) and high 
pressure-high temperature (HPHT) were generated. The LPLT plasma was obtained 
using an electrodeless configuration. In contrast, the HPHT plasma was produced by 
using refractory metallic electrodes such as W or Mo. Variation of the power level and 
gas type allowed precise temperature adjustment in both plasmas. However, the 
maximum attainable temperature in the HPHT mode was limited by the stability of the 
quartz tube, which exhibited signs of devitrification and deformation at temperatures in 
excess of 1200°C.
In order to circumvent the problems associated with the quartz tube, the single mode 
cavity had to be re-designed, primarily to increase its temperature capability. The quartz 
tube was removed from the set up and instead a tuneable vacuum-tight single mode cavity 
was designed and constructed from stainless steel. Based on our observations and after 
extensive consultation of the literature, it was envisaged that a proper set up should also 
incorporate the following features:
1. A high power microwave generator (preferably >1 kW).
2. A circulator to protect the generator from the reflected power.
3 . A  d u m m y  lo a d  to  a b s o rb  th e  r e f le c t e d  p o w e r.
4 . A  tu n e r , to  a c h ie v e  th e  d e s ir e d  T M q h  o r  T M 012 m o d e .
5. Microwave power meters.
6. A needle valve to control gas consumption.
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7. A vacuum system including a rotary pump, pressure gauges, etc.
8 . Vacuum tight, water cooled stainless steel cavity.
Preliminary observations of microwave plasma in this cavity indicated its suitability for 
surface modification, more specifically, plasma nitriding of titanium alloy. More detailed 
descriptions of both systems are provided in the following sections.
5.2.1. TM0 1 2  MIP Cavity (Mark I) with Quartz Discharge 
Tube
A TMqi2  cylindrical cavity, Fig. 5.1, with an inside diameter (ID) of 10.7 cm, is made of 
austenitic stainless steel. The two open ends of the cylinder are closed with a sliding short 
on the top and an adjustable flange at the bottom. A rectangular view port, 20x4 cm, is 
cut in the cavity to allow visual inspection of plasma. A metallic mesh is incorporated in 
the view port to prevent microwave leakage.
The microwave radiation is transmitted via a rectangular waveguide (WR 340, 8 .6x4.3 
cm), and launched into the side of the cavity, close to the bottom side. A quartz tube is 
positioned in the centre of the cavity. Different quartz tubes with diameters varying from 
22 to 45 mm ID could be used by changing the flanges on the top and bottom of the 
cavity. One end of the quartz tube is connected to a 300 litre/second rotary vacuum pump 
while the other end is used as an inlet for the gas flow system. The titanium specimens 
are placed on a stainless steel pedestal which is supported by a rod inserted from the 
bottom of the cavity.
In the low pressure regime (<1 mbar ), a low density plasma fills the entire length of the 
quartz tube. As the pressure is increased, the plasma contracts and separates from the 
quartz enclosure walls and forms a ball in the centre of the cavity at the position of 
maximum electric field strength of the exciting TMqi2  mode. The specimen is positioned
to coincide with the plasma ball.
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Fig. 5.1. MARK I microwave cavity with quartz tube.
5.2.2. MIP Stainless Steel Vacuum Tight TM012 Reactor (Mark 
ii)
This system, Fig. 5.2, is similar to those developed by others (Asmussen, 1987) but also 
included several unique features that made it particularly suited for the sintering and 
joining of ceramics and the plasma nitriding of steels as well as titanium in a wide range of 
temperature from 350° to 1100°C and pressures from few mbar up to atmospheric.
The TMqi2 cavity, illustrated in Fig. 5.2, was designed using the cylindrical resonator 
wavelength equations described in chapter. The components of the system are described 
below.
5.2.2.1 . M icrow ave Cavity
The microwave cavity is a water cooled, stainless (SS) cylinder, closed at the top and 
bottom, with inside diameter of approximately 10 cm and height of 40 cm.
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In Out
The cavity walls are highly polished (mirror like) in order to minimise the absorption of 
microwave energy and increase the Q factor of cavity. The polished surface also reduces 
the absorption of residual gas and water vapour onto the cavity walls. However, stainless
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steel is a poor conductor and some microwave power is absorbed by the SS walls. The 
cavity walls are water cooled to maintain their temperature below 35°C.
The cavity walls were thoroughly cleaned because it was found that marks on the walls, 
such as fingerprints, disturbed the microwave fields and lowered the coupling efficiency.
In the front of the cavity there is a viewing port with a SS mesh (04x0.4 cm openings) to 
prevent any microwave leakage out of cavity and a perspex transparent window, 1 cm 
thick to keep the cavity vacuum tight. This window has to be changed regularly due to 
tarnishing caused by sputtering and deposition of vapour products during nitriding 
treatment.
Base Plate and Sample Holder Assembly
The cavity base plate includes the connections for coolant and it is movable within the 
cavity to obtain the best matching conditions. The sample holder and rotation shaft, 
including a thermocouple wire, are attached to the base plate.
The substrate is earthed and its temperature is measured by a shielded thermocouple 
inserted into it. Unfortunately the temperature of specimen can not be adjusted 
independently of the plasma, but by varying the power level and the gas pressure inside 
the reactor, it is possible to heat up and maintain the temperature at desired level.
Top Assembly
The cavity top assembly consists of the cavity short, the mechanism to position the short, 
the choke system, and the electrode holder. The cavity short is a SS cylinder surrounded 
by tin plated finger stock made of highly conductive copper-beryllium alloy. The position 
of the sliding short, relative to the cavity base is indicated by a scale on the cavity top 
assembly.
The mechanism to position the short consists of a 12 volt DC motor fixed to the top cover 
which contains the sliding short and vacuum seal casketing system. The DC motor is 
coupled by a brass gear to the sliding short.
Microwave Power Window Assembly
The window assembly consists of a 5.5 x 9.7 cm quartz plate (1 cm thick) made of 
highly pure silica (SiCy material with a very low loss factor of 0.0006 to minimise
microwave absorption at room temperature, providing it is kept clean. A viton O-ring and 
aluminium clamp provide the vacuum seal.
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Temperature Measuring Assembly
Substrate temperature measurement in a microwave field is not a simple matter. 
Thermocouples are not ideally suited for temperature measurement in hostile 
electromagnetic and plasma environments. However, by proper shielding, it was possible 
to utilise a previously calibrated, insulated, inconel-sheathed, chromel/alumel type K 
thermocouple, inserted directly into the sample. An automatic temperature controller 
(Eurotherm 818P) was used in a control loop between the thermocouple and the 
magnetron power supply to maintain the required temperature.
Power Supply
A continuously variable power supply was used to drive a 1.2 kW air cooled magnetron 
operating at 2.45 GHz. This combination of power supply and magnetron was rated as a 
1.5 kW system by the supplier (Microwave Application Research Centre, University of 
Wollongong) and is a modified version of a power supply normally used in domestic 
microwaves. Fig. 5.3 shows the circuit diagram of the domestic microwave oven power 
supply. The modified electrical circuit used throughout this investigation is shown in 
Fig. 5.4.
The high negative voltage (-4000V) required for the magnetron cathode is provided from a 
high voltage secondary winding of a step up power transformer, alternatively referred to 
as a leakage transform er because of its high leakage inductance due to an air gap in its 
iron core. The high leakage inductance provides a degree of automatic current regulation 
and protects the magnetron from damage by large current fluctuations caused by variation 
in applied voltage or output loading.
Fig. 5.3. Typical circuit diagram used in the domestic microwave oven.
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Fig. 5.4. Electrical circuit diagram used in the power supply o f MIP cavity MARK II.
The 2000 V AC voltage from the transformer is rectified by a circuit consisting of a 
capacitor (Cl) and a diode (Dl) which act as a single-phase half-wave voltage doubler. 
The result is a series of 10 ms wide 4000 V pulses at the mains frequency. The capacitor 
Cl typically has a value of 0.9 pF. A 10MQ (bleeder) resistor is incorporated in the 
circuit to discharge capacitor Cl when the power is turned off
The anode structure, i.e. fins and the body of the magnetron itself, is earthed. With this 
arrangement, the cathode and the heater are at a potential of -4000V with respect to earth. 
The heater itself typically operates from a low voltage (3.3 V AC) winding on the power 
transformer. The heater leads are brought out of the magnetron enclosure via RF chokes 
and feedthrough capacitors to prevent leakage of the microwave energy.
Circulator
The use of a 3-port circulator and dummy load to protect the magnetron from reflected 
power is common in high power processing systems. A circulator is a device similar to a 
valve that allows flow of microwave energy in only one direction. The circulator 
comprises of three ports and a ferrite magnet to produce the required effect, Fig. 5.5. In 
operation, a wave incident at port 1 is coupled to port 2  only; a wave incident to port 2  is 
coupled to port 3 only. In this set up, the reflected power from the plasma cavity enters
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port 2 where it is coupled to port 3 and absorbed by water which acts as a dummy load. 
This configuration offers high protection in prolonging the life of magnetron and 
increasing the overall efficiency of the unit. The performance of circulator and dummy 
load together is determined by measuring the attenuation of reflected power (in dB) for all 
phases of the reflected wave. A typical circulator designed for industrial use provides 16 
to 20 dB of isolation while high performance circulators designed for laboratory use can 
provide 25 to 30 dB of isolation at all phases of reflected power. In this project, a Philips 
circulator of frequency range of 2.425-2.475 GHz was used. For most applications, an 
adjustment in the length of the waveguide between the circulator and cavity may be 
necessary in order to adjust the phase of the reflected wave in order to maximise the 
isolation for a specific load impedance.
Input power 
Port 1
I
Power absorbed by water load 
Port 3
Fig. 5.5. Principle o f the three port circulator.
Directional Coupler
A directional coupler allows the measurement of the forward and reflected powers by 
coupling a selected portion of microwave power travelling in the main guide to the 
secondary arm where it can be measured by a power meter. In this work, a 30 dB 
directional coupler was used, which meant that 0 .1 % of the main guide power was 
coupled to the power meter. The directional coupler plays a crucial role in determining the 
optimum tuning for resonance matching of the system, i.e. when the reflected power is 
reduced to its minimum level.
Variable Stub Tuner
A consequence of exciting a plasma in a resonant cavity is that the presence of a plasma 
causes the resonant frequency of the cavity to increase (Halverson, 1969) and this
Power absorbed 
by l0ad- P 0 r t 2
Power reflected 
by load
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detuning of the cavity, in turn, causes a mismatch between the impedance of a fixed- 
frequency microwave power source and that of the plasma-filled cavity. Therefore, an 
impedance-matching network must be placed between the source (magnetron) and the 
cavity to compensate for this mismatch. However, this can only be achieved at the 
expense of a power loss in the impedance matching network which increases as the degree 
of mismatch increases.
Alternatively, to avoid the power loses in the impedance-matching network, the plasma- 
filled cavity can be retuned. This retuning involves either a cavity of variable dimensions, 
or the presence of physical retuning elements inside cavity. In developing this system we 
took advantage of the broad spectrum bandwidth (see § 4.4.4 for more detail) of the low 
cost microwave magnetron normally used in domestic ovens, and an internal matching 
system for the resonant cavity.
For resonant matching, a variable stub tuner is indispensable to minimise the reflected 
power and to maximise the power transmitted to the load (plasma). This is achieved 
simply by creating a reflection 180° out of phase with the mis-match reflection, effectively 
cancelling it out. This reflection is produced by a slug of metal projecting into the 
waveguide. Ideally, both the height and position of the slug should be adjustable. Often 
a combination of stubs is used as a simpler alternative. A three stub tuner was employed 
in the set up used in this project.
Figs. 5.6a and b show the schematic diagram and a photograph of the system 
respectively.
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Sliding short
Ì
Sample holder Directional coupler
Fig. 5.6. (a) Schematic diagram and (b) a photograph of MIP system.
5.2.3. Microwave Field Pattern Detector
The electric field distribution in a multimode cavity is not uniform. Two methods have 
been reported in the literature to determine spatial distribution of maxima and minima of 
field strength within an applicator
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One method is to use a small container of water. The field can be mapped by measuring 
the temperature rise in the water as its position is varied inside cavity. This method 
however only gives a rough measure of the field distribution.
In the second method, a layer of silica gel beads on a glass plate is used as a visual 
indication of energy distribution in the oven. The hydrated silica gel beads have a white 
colour which on heating changes to a blue colour producing patches of different hues 
where the field is maximum. Steep field gradients can be detected by using smaller size 
beads.
However, the size and the dielectric properties of the materials in both of the methods 
influences the field pattern. Moreover, both methods are time consuming and are not 
easily implemented.
Fig. 5.7. Schematic diagram o f MFPD.
A new microwave field pattern detector (MFPD) was designed and built for this work. It 
has several advantages compared with the two other methods. It minimises the effect of 
the material on the field pattern, it can be used without any preparation, it has an 
immediate response to rapid changes of the field inside the cavity and is very easy to use. 
It consists of an array of small neon lamps embedded in a piece of low loss polymer such 
as polyethylene. It can be designed as modules in any shape and size and be used as a 
two or three dimensional detector. The sensitivity of the detector can be fixed by the 
breakdown voltage of the neon lamps, which depends on the separation of the electrodes 
and gas pressure inside the lamps. Fig. 5.7 shows a schematic diagram of the MFPD. 
This detector proved to be an invaluable tool in tuning the single mode cavity.
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5.2.4. Plasma Diagnostics
5.2.4.1. The Double Probe M easurem ent
A double Langmuir probe (see section 3.5.2) was used to measure plasma properties. 
The electrodes were made of platinum wire 0.047 cm in diameter and 0.5 cm long 
mounted in an alumina tube, connected as shown in the circuit of Fig. 5.8.
Power supply
Fig. 5.8. The Double Langmuir probe and optical emission monitoring circuit.
The bias voltage Vp was applied between the electrodes by a variable voltage source 
(reversible in polarity) consisting of five 9V batteries in series. The probe current, Ip, 
was measured from the voltage drop Vd across the resistor Rl(3kf2), in series with the 
probe. The variation in Vd as Vp was swept from -40 V to +40 V was monitored by a 
Tektronix TDS 320 two channel oscilloscope. Using an RS-232 interface, the 
waveforms were transferred to an IBM compatible personnel computer (PC) for data 
collection and further analysis.
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5.2.4.2. Optical Emission Measurement
The optical measurement of light emitted by the plasma was performed using a MEL 12 
NPN Silicon Darlington photo-transistor. The electrical circuit is shown in Fig. 5.8.
5.3. Plasma Nitriding Treatments
5.3.1. MIP Nitriding Processing parameters
After evacuating down to 10- 2  mbar, the reactor was refilled with nitrogen gas to purge 
the system and again evacuated down to 10- 2  mbar. The purging process was carried out 
three times to be sure of minimal oxygen residual gas inside the reactor. To sustain the 
plasma inside the reactor at an optional position, it was necessary to maintain a pressure of 
between 10 to 30 mbar. The microwave power was applied and slowly ramped up. At a 
certain power level (depending on the pressure) a plasma ball, of about one cm in 
diameter, appeared around the tungsten electrode tip located at the top of the reactor. 
Increasing the power level extended the plasma ball downward, producing a plasma 
column, of approximately 4 cm in diameter. The length of plasma was continuously 
increased with increasing power level, while the plasma diameter remained roughly 
constant. By this approach the position of plasma was finely adjusted to cover the 
specimen which is located at the centre of reactor.
As the plasma enveloped the specimen, it detached from the tungsten electrode which no 
longer played any role in sustaining the plasma. The plasma heated the specimen to a 
temperature dictated by the power level and operating pressure. To raise the temperature 
farther, the pressure had to be increased. However, increasing the pressure resulted in a 
decrease in plasma volume, which at too high a pressure, detached from the specimen. To 
prevent this from occurring, the power had to be increased, which in turn, increased 
temperature.
Consequently, obtaining the desired treatment temperature required careful and concurrent 
adjustment of power and pressure. In this MIP reactor no external (auxiliary) heating 
system was employed. A typical heating rate in treatment was 300°C/min. After MIP 
nitriding the specimens were kept inside the reactor to be cooled down to ambient 
temperature at a cooling rate of about 500°C/min.
In this project the MIP nitriding was carried out at three treatment temperatures, 800°, 
900° and 1000°C, which are hereafter referred to as low, intermediate and high 
temperature treatments. The conditions to obtain these temperatures however were highly 
dependent on the microwave power, pressure and gas composition Two working gas 
mixtures were used, these had compositions of 75%N2-25%H2 and 50%N2-50%H2 The
Chapter five Experimental 99
working pressure ranges for treatments at 800°, 900° and 1000°C were; 60-70, 70-80 and 
90-100 mbar respectively. Treatment conditions of MIP nitrided specimens are shown in 
Table 5.1. MIP nitriding in the higher hydrogen content gas mixture required a lower 
power level than that for lower hydrogen content gas mixture.
Table 5.1. Treatment conditions of MIP nitrided specimens,
(a): in 75%N2-25%H2 and (b): 50%N2-50%H2
tem p. Time Pressure
°C h m bar
800 4 67-72
800 8 66-72
800 16 60-68
900 4 80-83
900 8 75-82
900 16 78-80
1000 4 98-100
1000 8 90-100
1000 16 95-100
(a)
tem p. Time Pressure
°C h m bar
800 4 67-72
800 8 66-72
800 16 60-68
900 4 80-83
900 8 75-82
900 16 73-80
1000 4 98-100
1000 8 90-100
1000 16 95-100
(b)
5.3.2. Processing Parameters of DC Plasma Nitriding
The DC plasma nitriding of specimens were performed in a 40 kW (GZ 40) plasma 
nitriding unit at the University of Birmingham, manufactured by Klockner Ionon GmbH. 
Although a number of modifications were made to the system to enable higher temperature 
processing of titanium alloys, it proved impossible to increase the treatment temperature 
beyond 900°C. Attempts to increase the temperature farther resulted in severe arcing. 
Therefore, DC plasma nitriding was carried out only at 800° and 900°C. In contrast, 
treatment temperatures of up to 1000°C were readily achieved in the MIP system.
In DC plasma nitriding, after evacuation to 10- 2  mbar, the plasma chamber was refilled 
with argon to heat the specimen by an argon plasma This was done to prevent any
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nitriding before the desired temperature had been reached. It should be pointed out that in 
MIP experiments this argon heating phase was eliminated because of rapid heating to the 
nitriding temperature.
A 900 V bias voltage was applied to the specimen to achieve the treatment temperature 
with a maximum heating rate of 500°C/hr. The argon atmosphere was then changed to a 
nitrogen-hydrogen gas mixture. This was the same gas mixtures as used in MIP 
nitriding. The working pressure range in DC nitriding is limited by the operating 
characteristics of the DC glow discharge. IN this study the pressure of the chamber was 
kept at a constant value of 3 mbar.
The specimens were located on a circular support plate made of commercial grade 
titanium, so as to minimise impurities arising from sputtering of the support. The 
temperature was measured by inserting a K-type thermocouple into a hole in a dummy 
sample next to the treatment sample . The working pressure at 900°C was about 3 mbar.
Table 5.2. Treatment conditions of DC plasma nitrided specimens,
(a): in 75%N2-25%H2 and (b): in 50%N2-50%H2
temp. Time Pressure
°C h m bar
800 4 3
800 8 3
800 16 3
900 3.5 3
900 8 3
900 16 3
(a)
temp.
°C
Time
h
Pressure
m bar
800 4 3
800 8 3
800 14.5 3
900 4 3
900 8 3
900 15 3
(b)
With a heating rate of 500 °C/hr it took almost 2 hours to achieve this temperature. 
During the entire treatment period, the relationship between the pressure inside the 
chamber and the cathode-anode voltage was automatically controlled by the DC power 
supply by a dosage valve. After the nitriding process was concluded, the specimens were 
left inside the chamber to cool down to room temperature. Under these conditions, the 
total processing time, for the same treatment temperature, in DC nitriding was much
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higher than that for MIP nitriding. Table 5.2 shows the treatment conditions of the DC 
plasma nitrided specimens.
5.3.3. Material
Titanium alloy Ti-6A1-4V was used in all the plasma nitriding treatments. This is an oc/p 
duplex alloy possessing a unique combination of high strength and toughness which 
performs well under impact-fatigue loading.
Ti-6A1-4V alloy is also the most extensively studied alloy for nitriding treatment. It has 
been used in a number of studies using both DC and RF plasma nitriding and its 
microstructure and tribological behaviour after nitriding has been thoroughly investigated. 
Therefore, this alloy was also selected for this study in order to permit comparison with 
the published data.
Ti-6A1-4V was suppled by IMI Titanium Ltd. as IM I318 alloy. Its composition is given 
in Table 5.3.
Table 5.3. Typical Composition of IMI 318 (IMI, Titanium Ltd.)
Alloying Element wt.%
Aluminium 5.5-6.75
Vanadium 3.5-4.5
Iron 0.3 max
Hydrogen 0.0125 max
The material was supplied in the form of rods 16 mm in diameter in the hot rolled and 
annealed condition. Discs 1.5 cm in diameter and 0.4 cm thick were sliced off the rod 
using a lathe. Because of the limitation on the size of the plasma ball imposed by the 
TMqi2  MIP cavity, the maximum specimen diameter suitable to achieve a uniform plasma
treatment was found to be approximately 20 mm. This was the chief reason for using 
small diameter specimens.
All the specimens used for MIP nitriding were ground on one side using SiC grinding 
papers and were polished using 6  and 1 pm diamond spray followed by polishing with 
0.06 pm colloidal silica suspended in an aqueous solution. Specimens used for DC 
nitriding were only fine machined except for the samples used for GDOES analysis and 
AFM examination. Prior to all nitriding treatments, specimens were degreased 
ultrasonically in acetone, rinsed in methanol and dried with hot air.
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5.3.4. Surface Characterisation
5.3.4.1. Visual Appearance
The visual appearance of the specimens after nitriding was found to be an extremely 
sensitive guide to the influence of the plasma nitriding technique on the uniformity of 
treatment. In the case of MIP nitrided specimens, very uniform surfaces were obtained 
whereas the specimens treated in DC system were distinctly non-uniform and exhibited a 
pronounced edge effect. The colour of the titanium nitride formed on the surface was also 
different for the two treatments and varied with process parameters. These differences 
were recorded by colour photographs.
5.3.4.2. Surface Topography and Morphology
Traditional methods of examining the surface morphology of substrates and coatings have 
centred around stylus methods (e.g. Alpha Step™), optical microscopy and scanning 
electron microscopy (SEM).
In the profilometery methods, a stylus slides across the surface of the sample in one 
direction to produce a profile of surface height versus lateral distance. This technique 
suffers from a number of problems. The stylus can damage the surface of the sample, the 
resolution is limited in the lateral direction and the dynamic range in height is limited. 
Since the profile is generally taken in only one direction, the surface contour may not be 
representative of the surface texture.
Although optical microscopy is an excellent tool to view a surface, many samples have 
surface features that are below its resolution limit of 0.5 micron. Furthermore, depth 
information is not readily available.
SEM can give good renditions of surface features but the depth of field at high 
magnification is limited. The main limitation of SEM for surface studies is its inability to 
provide quantitative information about the height of surface features.
The atomic force microscope (AFM) overcomes the above cited deficiencies (Phillips, 
1994). Atomic force microscopes probe the surface of a sample with a sharp tip, a couple 
of microns long and often less than 100A in diameter. The tip is located at the free end of 
a cantilever 100 to 200 mm long. Forces between the tip and the sample surface cause the 
cantilever to bend or deflect. A detector measures the cantilever deflection as the tip is 
scanned over the sample. The measured cantilever deflections allow a computer to 
generate a map of the surface topography. In an AFM, several forces typically contribute 
to the cantilever deflection. The force most commonly associated with AFM is an
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interatomic force called the Van der Waals force. In contact mode, also known as 
repulsive mode, the AFM tip makes soft "physical contact" with the sample. The 
magnitude of the total force exerted on the sample varies from 10' 8 N to the more typical 
operating range of 10' 7  to 10' 6  N. However, the AFM also has a limited dynamic range 
usually less than 1 0  microns.
The topographical features of the nitrided specimens was examined, firstly, using an 
Alpha-Step-200 profilometer. The roughness values expressed in terms of Ra (the 
arithmetic mean of departures from the mean line) were calculated from the measured 
profiles. Then, AFM was conducted to obtain a three dimensional image of the surface 
topography of some of the specimens. An AutoProbe instrument (Park Scientific 
Instruments) scanning probe microscope was used in this work. SEM was also employed 
to examine the morphological features of the specimens.
5.3.5. Compositional Analysis of Plasma Nitrided Layers
5.3.5.1. Introduction
A range of complementaiy compositional analysis techniques were used to study DC 
plasma and MIP nitrided titanium alloy. Nuclear reaction analysis (NRA), complemented 
by the electron probe microanalyser (EPMA) and X-ray diffraction analysis for both the 
MIP and DC specimens and glow discharge spectroscopy (GDOES) for the DC 
specimens only.
These techniques allowed the analysis of both light and heavy elements and enabled the 
surface composition to be investigated. There are a large number of surface analysis 
techniques capable of analysing heavy elements, however many of these are not suitable 
for analysis of light elements and there are particular problems associated with the analysis 
of nitrogen and oxygen in the presence of titanium (peak overlaps and matrix effects). 
Strictly speaking, no one surface analysis technique can provide a complete picture of the 
structure and composition of the plasma nitrided titanium alloys. The use of several 
complementary techniques, however, can provide a wealth of information which can be 
combined to compile an overall picture of the surface composition and/or structure.
5.3.5.2. Electron Probe Micro Analysis (EPMA)
EPMA analysis was conducted for depth profiling, (applied on the cross-section of 
specimens), of light elements such as nitrogen and oxygen as well as metallic constituents 
present in the alloy. In EPMA, wavelength dispersive spectroscopy (WDS) is used for 
the spectral resolution of different elements obtained with the diffracting crystals. 
However, in certain cases some peaks are not resolved. This especially occurs when
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analysing light elements with multilayer crystals or rare earth elements with an LiF crystal. 
A well known example of peak interference is in the analysis of nitrogen in a titanium 
matrix, where the Ti L a  line interferes with the N K a line.
ACAMECA SX-50 EPMA instrument was used to measure the nitrogen content in a Ti 
sample. The Ti L a  contribution intensity depends upon the titanium content. The 
instrument will calculate the titanium concentration in the unknown specimen. Knowing 
the ratio TiKa/TiLa contribution {at the same (sin 0) position as the N K a line} in a pure 
specimen, the instrument's program will calculate the Ti L a contribution in the unknown 
specimen and subtract it from the measured N K a intensity. With the new value 
(measured N K a intensity-calculated Ti L a  contribution) the program will then compute 
the true nitrogen concentration.
5.3.5.4. Nuclear Reaction Analysis (NRA)
NRA was carried out in the tandem accelerator at CSIRO, Division of Exploration and 
Geoscience, North Ryde using a 4.65 MeV 3 He++ beam to obtain nitrogen depth 
profiles. Using the 1 4 N(3 He, 4 He)13N nuclear reaction, nitrogen profiles up to 2 pm 
deep could be obtained by comparison with spectra obtained from a bulk AIN specimen. 
A Si surface-barrier detector placed at an angle of 160° to the incident beam was used for 
the detection of 4He which was collected for a total incident beam charge of 50 pC. A 25 
pm mylar foil was placed in front of detector to reduce the low energy background in the 
spectrum. The detector bias was also reduced to 70V to decrease the detection depth of 
the detector. This was essential to reduce the possibility of detecting protons which might 
have formed as a result of other nuclear reactions.
5.3.6. Microstructural Characterisation
The microstructure of the specimens was investigated by optical and scanning electron 
microscopy and X-ray diffraction.
5.3.6.1. X-ray Diffraction
X-ray diffraction analysis (XRD) was performed on the specimens, using a Siemens D- 
5000 diffractometer. Cu Ka radiation ( 0.1542 nm wavelength) was used to obtain 
diffractograms between the 2 theta angles of 30° to 80°. A step size of 0.02° and a dwell 
time of 2 0  seconds per step were used for all specimens
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5.3.6.2. Optical and SEM Examinations
Using a diamond slitting wheel, specimens were sectioned carefully, avoiding over 
heating by applying low pressures and copious amounts of lubricant. To retain the edge 
during polishing, the sections were nickel plated and mounted in 'Edgemount' hot 
mounting compound. After grinding with progressively finer grades of SiC paper, 
polishing was conducted using 6  and 3 pm diamond spray. The final polish was 
performed using 0.06 mm colloidal silica. A 5% HF, 15% HNO3 , and 85% water 
solution was used as etchant before examining the specimens in a Leitz optical microscope 
and a Lica S450 scanning electron microscope.
5.3.7. Hardness Measurements
Hardness profiles were obtained using an ultra micro-indentation system (UMIS-2000) 
designed and manufactured by CSIRO, Division of Applied Physics, Lindfield. In this 
system, a Berkovich (triangular based pyramid) diamond indentor is forced into the 
surface under incrementally increasing loads and the depth of penetration is recorded at 
each loading/unloading increment. The results obtained during the loading cycle can be 
used to determine the hardness while the elastic modulus can be determined from the 
identical slope of the unloading curve. However, in this study this capability was not 
exploited and hardness was only measured at the end of each indentation, ie. maximum 
penetration depth.
Five indentations at loads of 10, 50, 100, 250, 500 and 1000 mN (1 mN~ 0.1 gf) were 
made on the surface of the specimen nitrided at low temperature (800°C). These 
indentations correspond to indenter penetration depths typically in the range of less than 1 
to 10 pm. Surface hardness measurements could not be performed for the MDP 
specimens nitrided at higher temperatures or for the DC plasma nitrided specimens 
because the nitrided surfaces were too rough.
The sectioned specimens which were polished and etched as described in section 5.3.6 .2. 
were used for microhardness measurements of compound layer, diffusion zone and core. 
At increments of 5-10 micron depth from the surface three indentations were applied with 
a load of 25 grams.
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6. RESULTS
6.1. Characteristics of the MIP system
A significant part of this work was concerned with developing a Microwave Induced 
Plasma (MIP) system capable of nitriding titanium alloy. As part of this development, 
pertinent characteristics of the system, such as the resonant frequency of the cavity, the 
power supply waveform, the electron temperature and ionisation efficiency of the plasma, 
had to be determined. The specialised and specific experimental techniques employed for 
the characterisation were not covered in the Experimental Procedure (Chapter 5). Instead, 
a brief description of the most relevant aspects of these techniques is given in the 
following sections together with the results of the characterisation.
6.1.1. Resonant Frequency of The MIP Cavity
The resonant frequency of the MARK II MIP cavity was measured using a two port 
network analyser (HP 8720). The incident microwave energy was fed to the cavity using 
a coaxial-waveguide coupler. A small coaxially fed antenna (0.5 mm in diameter and 1-2 
mm in length), was inserted in the centre of the wall of the MIP cavity and connected to a 
small port on the chamber to measure the ratio (Etransmitted/Eincident). The resonant
characteristics of the cavity at 2.45 GHz had a bandwidth of 80 MHz. Using the relevant 
formula for calculating the Q-factor of the cavity a value of approximately 30 was obtained 
(Q=2450/80=30).
6.1.2. Characteristics of the Microwave Generator and the MIP
The waveform of the high voltage applied by the power supply to the magnetron was 
monitored by using a high voltage probe with an attenuation factor of 1 / 1 0 0 0  and a 
Tektronix TDS 320 oscilloscope. The waveform is shown in Fig. 6.1 and clearly reflects 
the pulsed nature of the power supply. This is a direct result of using the circuit shown in 
Fig. 5.4, whereby the mains sinusoidal wave has been stepped up and rectified by the 
leakage transformer and half-wave voltage doubler. The frequency of the pulses is fixed 
at 50 Hz (20 msec period). The duration of high voltage pulses is 10 msec (i.e. 50% duty 
cycle). The high voltage is constant for the first 5 msec of the pulse, rising in the last 5 
msec before dropping to zero.
Fig. 6.1 also shows the reflected power from the MIP cavity monitored through the 
output slit of the directional coupler using a -30 dB attenuator and a diode connected to the 
oscilloscope. The reflected power is negligible in the first 5 msec of the high voltage
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pulse but rises very sharply in the last 5 msec suggesting microwave generation, hence, 
plasma formation in this period.
Fig. 6.1. The waveforms o f the high voltage applied to the magnetron and the reflected
microwave power.
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Fig. 6.2. Time variation o f magnetron applied voltage, reflected microwave power, 
double probe voltage and the intensity of light emitted by the plasma.
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The generation of MIP was detected by measuring the intensity of the optical emission 
using a photo-transistor sensor. The onset of optical emission coincides with the rise in 
the high voltage pulse, Fig. 6.2, confirming that the plasma was formed when the applied 
voltage was increased above the plateau value (-4 kV), in the last 5 msec of the high 
voltage pulse. Note that the optical emission signal exhibits a decay time of several msec 
at the end of the high voltage pulse.
6.1.3. The Double Probe Measurement
Fig. 6.2 also shows the variation of the probe voltage Vd (the difference between probes 1 
and 2) as a function of time for a fixed external bias voltage (Vp) of about 30 V applied 
between the two probes inserted in the MIP (Fig. 5.8). The probe voltage Vd is measured 
across a known resistance and reflects the variation of current drawn by the probes and is 
related to the plasma conductivity arising from ionisation. Yet again, it is evident that the 
formation of the plasma or ionised state, coincided with the rise in voltage during the last 
5 msec of the voltage pulse. The ionisation was terminated at the end of high voltage 
pulse, indicating that the optical emission after the end of high voltage pulse was due to 
de-excitation of neutral species in the plasma ‘after glow’.
The characteristic curve of the probes current (Ip) against the bias voltage (Vp), was 
determined at a fixed time during each pulse cycle when the plasma was on. Fig. 6.3 
shows the experimentally obtained Ip -Vp double probe behaviour which resembles a 
tanh (hyperbolic tangent) curve. In order to calculate the slope of the curve, the 
experimental curve was fitted to an ideal curve on the same scale. Using the measured 
slope of the ideal curve (Fig. 6.4), the ion density (ni) and the electron temperature (Te) 
of the MIP were calculated using the equations 3.10 and 3.11 in chapter 3. Te was found 
to be 3.4 eV for the 75%N2-25%H2 plasma while nj was 0 .7 x 1 0 ^  cm- .̂ The degree of 
ionisation or ionisation efficiency for a filling pressure of 70 Torr was estimated to be of 
the order of 1 0 _5 - 1 0 "4.
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Fig. 6.3. Experimentally obtained Ip-Vp characteristic of double probe inserted in MIP.
Fig. 6.4. Ideal I-V curve (tank ), fitted to the experimentally obtained 
Ip-Vp curve to obtain the slope.
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6.2. MIP and DC plasma Nitriding
6.2.1. As-received M aterial
Before proceeding to present the results of MIP and DC nitriding it is important to discuss 
the microstructure of the “as-received” titanium alloy. This provides a datum by which 
the influence of the mode of plasma excitation, DC or MIP, on the nitriding response of 
the alloy can be investigated.
Optical and SEM micrographs of transverse and longitudinal cross sections of the as- 
received IMI 318 bar (Ti-6A1-4V), Figs. 6 .6 a and b, show a typical mill annealed 
structure, consisting of primary a  grains, approximately 5-20 jam, plus intergranular [3 or 
transformed (3 appearing as a dark etched phase. The transformed (3 itself consists of a  
and (3 phases. A degree of directionality, manifested as banding, is evident in the 
longitudinal section, presumably caused by hot working.
X-ray diffraction patterns obtained from the transverse and longitudinal cross-sections of 
the as-received material are shown in Figs. 6.7a and b, respectively. The d-spacings of 
the a  planes are smaller than those in pure alpha titanium possibly due to the presence of 
alloying elements (see the JCPDS X-ray data for pure a  titanium given in Appendix II). 
The small volume fraction of the (3 or transformed (3 in the as-received material resulted in 
low intensity peaks which were barely detectable.
The diffraction pattern for the transverse section is dominated by reflections from the 
( 1 0 0 ), (1 0 1 ) and (2 0 1 ) planes whereas from the longitudinal section the dominant peaks 
are (002), (101) and (100). In contrast, the diffraction pattern of a randomly oriented 
pure powder, as compiled in the JCPDS file (Appendix II) is dominated by the (101), 
( 1 0 0 ) and (0 0 2 ) peaks, implying a degree of preferred orientation or texture dominated by 
the ( 1 0 0 ) plane in the as-received material, consistent with the banding mentioned above.
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(a) Optical (x300) and SEM micrographs of the transverse section.
(b) Optical (x300) and SEM micrographs of the longitudinal section.
Fig. 6.5. Optical micrographs showing (a) transverse and (b) longitudinal sections of
the as-received IM I318 (Ti-6Al-4V) bar.
(etchant: 5 ml HF, 10 ml HNO3 and 85 ml H2 O).
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Fig. 6.6. X-ray diffraction spectra obtained from, (a): transverse and (b): longitudinal
sections of the as-received 1MI318 bar.
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6.2.2. Appearance and Topography of Nitrided Surfaces
6.2.2. i .  Visual Inspection
After MIP nitriding, the surface of all samples had a uniform golden colour ranging from 
a pale straw, through yellow gold to dark gold colour. The colour tone depended largely 
upon the treatment time and temperature as well the treatment atmosphere employed. The 
colour micrographs for all the MIP nitrided samples, at two gas compositions, are 
presented in Fig. 6.7a (75%N2-25%H2) and Fig. 6.7b (50%N2-50%H2), respectively. 
The main observations on the colour of the MIP nitrided samples are summarised below:
a) No ring pattern was observed on the samples and generally a very uniform and even 
surface was obtained.
b) At a fixed gas composition, increasing the temperature resulted in a darker hue for a 
fixed treatment time. For example, at 800°C a pale colour was produced whereas at 900 
and 1000°C a darker yellowish colour was evident.
c) At a fixed treatment temperature, increasing the treatment time also resulted in a deeper 
tone of yellow, albeit to a lesser extent than was observed for increasing temperature.
d) Increasing the hydrogen content of the gas, generally resulted in slightly brighter 
shades of yellow on all samples.
After DC plasma nitriding, there were clear variations in colour and reflectivity readily 
discernible by the naked eye over the surface of the samples. In general, the appearance 
was paler and more matt at the outer edge, and darker and smoother in the centre. Colour 
photomicrographs of the samples after DC plasma nitriding at two temperatures (800 and 
900°C) for 3 different times (4, 8  and 16 hours) and two different gas mixtures (7 5 %N2 - 
25%H2 and 50%N2-50%H2) are presented in Fig. 6 .8 . Unfortunately, the photographs 
do not reproduce the true colour of surfaces, nevertheless their nonuniform nature is 
clearly visible.
Generally, three distinct regions were visible on the surface after DC nitriding. A narrow 
ring, about 0 . 8  and 1 mm wide, for specimens nitrided in 75%N2-25%H2 and 50%N2- 
50%H2 respectively, was observed adjacent to the edge of the sample. This ring, 
hereafter referred to as "outer ring", exhibited the roughest morphology and presumably 
appeared light yellowish with highest reflectivity. Immediately adjacent to this ring, a 
band approximately 0.6 mm (for 25% H2  gas) and 0.8 mm (for 50% H2  gas) wide, was 
evident which displayed a matt dark yellowish colour and was smoother than the outer 
ring. This band will be referred to as the "inner ring". Finally, the central part of the 
specimen was found to be much smoother than the other regions and displayed a dark 
brown appearance.
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Specimens nitrided in 75%N2-25%H2 gas mixture demonstrated a darker appearance in 
the central part than those treated in 50%N2-50%H2 atmosphere. The total width of outer 
and inner rings was almost constant for a particular gas composition irrespective of 
temperature and time. However, the total width of the rings was strongly dependent on 
the gas composition and the 50%N2-50%H2 gas mixture resulted in a wider band at the 
edge for all treatment times and temperatures.
To highlight the differences between DC and MIP nitriding two samples, nitrided at 900°C 
for 8  h are compared in Figs. 6.10 and 6.11 for two gas mixtures 75%N2-25%H2 and 
50%N2-50%H2, respectively. It is obvious that the different plasmas resulted in very 
different surface appearances. The most striking feature of MIP nitriding of titanium is 
the uniform gold colour that develops on the surface. In stark contrast, DC plasma 
nitriding resulted in an uneven surface with a dark brown colour in the central part.
As mentioned previously, the majority of specimens for DC plasma nitriding were 
prepared by machining whereas MIP specimens were polished. The remnant of the 
original finish was preserved after nitriding. To ensure that original machining marks are 
not concealing other surface features one polished sample was also DC plasma nitrided. It 
was found that the finish prior to nitriding had no effect on the colour of the specimen 
after nitriding.
The hydrogen content of the gas slightly affected the colour of the MIP nitrided samples, 
while higher hydrogen content resulted in a much brighter colour for DC plasma nitrided 
titanium alloy.
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Fig. 6.7. Surface appearances o f titanium samples after MIP nitriding at different times 
and temperatures for two different gas mixtures, (a): 75%N2~25%H2, and (b): 50%N2~ 
50%H2. Dimensions on the photographs are reduced by 30% compared to the actual
size.
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Treat. Time-> 4 h 8 h 16 h
Temp. °C 
(a) 800°
Atmosphere
75%N2-25%H2
(b) 800° 50%N2-50%H2
(a) 900°
(b) 900°
75%N2-25%H2
50%N2-50%H2
Fig. 6.8. Surface appearances o f titanium samples after DC plasma nitriding at 
different times and temperatures for two different gas mixtures, (a): 75%N2~25%H2, and 
(b): 50%N2-50%H.2. Dimensions on the photographs are enlarged by 10% compared to
the actual size.
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Fig. 6.9. Surface appearances o f the titanium samples nitrided at 900 °C for 8 h in 
75%N2-25%H2 after (a): DC plasma nitriding and (b): MIP nitriding. Dimensions on the 
photographs are enlarged by 4 times compared to the actual size.
Chapter Six R e su lts 118
Fig. 6.10. Surface appearances o f the titanium samples nitrided at 900°Cfor 8 h in 
50%N2-50%H2 after (a): DC plasma nitriding and (b): M1P nitriding. Dimensions on the 
photographs are enlarged by 4 times compared to the actual size
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6,2.2.2. SEM, Profilometry and AFM
The SEM micrograph, the stylus profilometer trace and the AFM image of the central part 
of the specimen DC plasma nitrided at 900°C for 16h in 75%N2-25%H2 atmosphere are 
shown in Figs. 6.12a and b. This particular specimen had a polished finish prior to 
nitriding, to eliminate the machining marks on the surface. The undulated surface, 
consisting of plate-like features forming peaks and valleys, 1-2 Jim high and 20-40 pm 
across, resembles an ‘orange-peel’ topography, similar to the one reported by Lanagan
(1989) for DC plasma nitrided titanium alloy. The AFM image reveals finer granular 
features on the surface.
The SEM image of the inner ring on this sample, Fig. 6.12a, shows similar morphology 
to the central part. However, the profilometer trace shows larger features, 50-100 pm 
across with greater peak to valley height. There is a short wavelength (<5 pm) feature 
superimposed on these larger features. The AFM image, Fig. 6.12b, clearly indicates that 
the plate-like features are coarser and more fully developed with greater peak to valley 
height (4 pm) compared to the central part of the sample. Overall, the structure in this 
region does not appear as dense as the central part.
In the outer ring, much larger peak to valley height was observed (~ 8 pm), as shown in 
Figs. 6.14a and b. Also, the finer structure superimposed on the waviness was coarser 
(~ 10 pm) than those observed on the inner ring and the central part. Unfortunately an 
AFM examination of the outer edge of the specimen was not possible because of the very 
rough nature of the surface, but it is surmised that the structure would be less dense than 
in other parts. The topographical features on this sample were typical of all the DC 
plasma nitriding conditions.
As noted before, the visual appearance of MIP nitrided samples was very different from 
those displayed by DC nitrided samples. The MIP nitrided samples exhibited very 
uniform surface appearance and no ring pattern was observed. The SEM examination and 
profilometry also supported these observations and no significant differences in 
topography between the outer edge and the central part of the specimen was detected. 
Figure 6.15a shows the surface morphology of the specimen MIP nitrided at 900°C for 16 
h in 75%N2-25%H2 gas mixture. It appears that the plate-like features are more closely 
spaced than those observed on the DC nitrided samples. However, the profilometric trace 
and AFM image indicate a peak to valley height similar to the inner ring, but coarser than 
the central part of the DC nitrided sample. It should be emphasised that the tilt angle of 
the specimen in the SEM has a major influence on the appearance, therefore, the results 
obtained by profilometry and AFM are probably a better representation of the true surface 
morphology and topography.
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At the outer edge of this sample, more pinholes were observed, Fig. 6.15, which could be 
another manifestation of the rougher surface.
6.2.2.3. Influence of MIP Processing Parameters on Surface Morphology
The variation of surface morphology with processing parameters for DC plasma nitriding 
of titanium has been extensively examined by Lanagan (1989). However, since MIP is a 
new process and MIP nitriding of titanium has not been systematically investigated 
previously, in the following sections some of the observations made on the influence of 
the key processing parameters on the surface morphology are presented.
The Effect of Time and Temperature
Generally speaking, increasing nitriding time and temperature resulted in rougher 
surfaces. The profilometric traces presented in Fig. 6.16 clearly indicate these trends. At 
lower temperature (800°C) the influence of increasing time can be readily appreciated. 
This trend was less pronounced at higher temperature (1000°C) because of the stronger 
influence of temperature which obscured any possible effect of the treatment time.
The Effect of Gas Composition
Profilometry failed to demonstrate any noticeable trends between the roughness and 
process gas composition, Fig. 6.17. However, surface characterisation by AFM revealed 
a major difference between the surface morphology obtained for two gas compositions. 
The AFM images of two specimens nitrided for 75%N2-25%H2 and 50%N2-50%H2, for 
similar time and temperature, are shown in Fig. 6.14b. and Fig. 6.18. respectively. It is 
quite evident that decreasing the nitrogen content has changed the growth morphology 
from a plate-like to a pyramidal one.
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Fig. 6.11. (a): S E M  m icrograph  and  p ro filo m etric  trace and  (b): A F M  im age o f  the
cen tra l p a r t o f  the specim en D C  p lasm a  nitrided  a t 9 0 0 °C fo r  16 h in 75% N 2-25% H 2.
Chapter Six R esu lts 122
50 100 150 200 250 300 350
Length, M icrom eter
400
■ *r
Fig. 6.12. (a): S E M  m icrograph  a n d  p ro filo m e tr ic  trace a n d  (b): A F M  im age o f  the
in n er  ring o f  the specim en D C  p la sm a  n itr ided  a t 900  °C fo r  16 h in 75% N2~25% H2.
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(b)
Fig. 6.13. (a): SEM micrograph and (b): profilometer trace o f the outer ring o f the 
specimen DC plasma nitrided at 900 °C for 16 h in 75%N2-25%H2.
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(b)
Fig. 6.14. (a): S E M  m icrograph  a n d  p ro filo m etr ic  trace and  (b): A F M  im age o f  the
cen tra l p a r t o f  the specim en M IR  n itrided  a t 900  °C fo r  16 h in 75%N2~25%H2.
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Fig. 6.15. SEM micrograph o f the edge o f the specimen MIR nitrided at 900 °C for
16 h in 75%N2-25%H2.
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Fig. 6.16. Surface roughness variation o f specimens MIR nitrided at 800° and 1000°C
fo r 4, 8, and 16 h in 75%N2~25%H2.
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Fig. 6.17. Surface roughness variation o f specimens MIP nitrided at 800, 900 and 
1000°Cfor 16 h in 75%N2~25%H2 and 50%N2~50%H2 gas mixtures.
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Fig. 6.18. AFM image o f the specimen MIP nitrided fo r  16 h at 900 °C in (50%N2-
50%H2 gas mixtures.
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6.2.3. M icrostructural Characterisation
In the following sections the results of microstructural characterisation carried out on Ti- 
6A1-4V specimens after nitriding in MIP and DC plasma are presented. The results have 
been conveniently divided on the basis of treatment temperature. At high temperature 
(1000°C) only MIP nitriding was carried out: DC nitriding at high temperature proved 
problematic mainly due to excessive arcing. Both MIP and DC nitriding were 
successfully conducted at 900 and 800 °C for different times and gas compositions.
The mode of plasma generation, MIP or DC, was found to have a major influence on the 
evolution of microstructure of the nitrided specimens. The treatment conditions affected 
the thickness, morphology, microstructure and composition of the nitrided case as well as 
the core material. To highlight these differences the results are presented separately for 
both MIP and DC nitriding.
Optical and SEM examination, in addition to microhardness measurements were carried 
out on all specimens. X-ray diffraction was utilised to identify the phases present on the 
surface and, to certain extent, below the surface depending on the penetration of X-rays. 
A semi-quantitative estimate of the relative abundance of phases was obtained by 
comparing the intensities of the stronger diffraction lines. Although the intensities of 
diffraction lines of a given phase are not a precise measurement of the quantity of that 
phase in any particular mixture of phases, they can be used in this way as an indication of 
the relative amount of each phase. Elemental depth profiling by EPMA, GDOES and 
NRA was conducted on a selection of specimens to determine the concentration of 
nitrogen and other alloying elements.
In general, as reported by other researchers, the cross sections of the nitrided specimens 
displayed three or four distinct regions. Firstly, the surface layer, known as the 
compound layer, containing maximum nitrogen concentration. The compound layer could 
consist of other sub-layers. Next a diffusion layer which consists of a solid solution of 
nitrogen in a  titanium sometimes referred to as “a-case”. Finally, the core structure 
where, in principle, no nitrogen should have reached but the microstructure may have 
been modified because of the thermal treatment associated with the plasma processing. In 
the following discussion on the microstructure of nitrided specimens the above-mentioned 
terminology has been used to refer to different regions.
6.2.3.1. MIP Nitriding at High Temperature (1000°C)
An optical micrograph of the cross section of the specimen MIP nitrided at 1000°C for 16h 
in 75%N2-25%H2 is shown in Fig. 6.19. Ignoring the protective white nickel layer at the 
top, deposited for edge retention during metallographic preparation, four distinct
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Fig. 6.19. Optical micrograph o f the specimen MIP nitrided at 1000°Cfor 16 h in
75%N2-25%H2 gas mixture.
layers are clearly visible. The outermost region is the compound layer, approximately 8 to 
10 fim thick. Immediately underneath the compound layer, there is a discontinuous layer 
with a variable thickness from almost nil to 10 pm, with a patchy morphology which 
appears dark after etching. The diffusion zone (a-case) appears as a continuous layer of 
about 80 pm thick consisting of only few large a  grains, suggesting significant grain 
growth at this high nitriding temperature.
The core microstructure in the vicinity of diffusion layer consists of a few large a  grains, 
some as isolated islands and others as elongated grains which may have originated from 
the a-case, surrounded by a dark etching matrix phase exhibiting an acicular morphology. 
The matrix phase is believed to be transformed p consisting of a '  and p. a '  denotes 
secondary a , formed by decomposition of prior p. When the secondary a  (a') is formed 
by a martensitic reaction it will be shown as a ” (Brooks, 1985). Further away from the 
interface with the a-case, the core structure consists entirely of the dark etching a ’ and P 
matrix phase without any a  phase islands.
The SEM micrograph of this sample is presented in Fig. 6.20. The compound layer 
appears to be monophase and is separated from the a-case by a discontinuous layer with 
variable thickness, as noted in the optical micrograph.
The X-ray diffractogram for this sample, Fig. 6.21b, confirms the presence of TiN and a 
minute amount of a  phase with some dissolved nitrogen (the peak positions are slightly 
shifted to lower 20 angles compared with pure titanium). No significant peaks 
attributable to Ti2 N could be detected.
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Fig. 6.20. SEM micrograph o f the specimen MIP nitrided at 1000°C for 16 h .
On the other hand, the X-ray diffractogram of the sample treated for 4 h, Fig. 6.21a, 
indicates a two phase compound layer consisting of TiN as the dominant phase and a very 
small amount of Ti2 N, judging by the extremely weak diffraction lines for this phase. 
This suggests that Ti2 N formed in the early stages of the treatment but at longer times the 
compound layer was gradually converted to a TiN monophase layer. It should be 
emphasised that it is possible that the X-rays did not penetrate to sufficient depth to detect 
the presence of Ti2 N.
Two further points from the X-ray diffractograms are worth considering at this stage. 
Firstly, the d-spacing of the diffracting planes for the TiN and Ti2 N phases are close to 
the values given in the JCPDS data base, indicating a stoichiometric compound, especially 
for TiN. Secondly, the ratio of the peak intensity for (111) to (200) planes of TiN phase 
is 1.05 compared to 0.72 in the JCPDS data base. This difference could arise from a 
preferred directionality in the TiN layer on the surface of the MIP nitrided specimen.
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Fig. 6.21. X-ray diffractographs o f the specimens MIR nitrided at 1000°C in 75%N2~ 
25%H2 gas mixture after treatment time o f (a): 4 h and (b): 16 h.
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The elemental distributions for the specimen nitrided for 16 h, as determined by EPMA, 
are shown in Fig. 6.22. It can be seen that the surface nitrogen concentration is just 
above 40 at.% and drops rapidly to around 33 at.% in 3 to 4 jun. At this depth, the 
nitrogen profile still shows further reduction in nitrogen content with depth albeit at a 
lower rate compared to the previous one. This slow reduction in nitrogen content 
continues until a nitrogen concentration of approximately 28% has reached. At a depth of 
approximately lOjim, the nitrogen content diminishes very rapidly to an almost negligible 
value and remains low for few |im, before rising to around 15 at.%. Beyond this point, 
the nitrogen content decreases gradually until it again reaches a negligible value at a depth 
of about 80 |im  below the surface. Coincident with the sudden drop in nitrogen at around 
10 (im below the surface, a significant increase in aluminium (22 at.%), and to a lesser 
extent vanadium (2 at.%), can be observed.
The elemental profiles determined by EPMA suggest a dual phase compound layer, 
approximately 10 fim thick, consisting of equal thicknesses of TiN (with a variable 
nitrogen content from 43 to 33 at.%) and Ti2 N with an almost fixed concentration of 
nitrogen (32 to 29 at.%). This is at variance with the cross sectional investigation and X- 
ray diffraction which indicated a monophase compound layer with stoichiometric TiN.
The discontinuous layer underneath the compound layer is revealed by EPMA to be an 
aluminium-rich phase approximately 2 to 10 pm thick. The thickness of the layer matches 
the value obtained by optical and SEM examination. A similar layer has been observed by 
Lanagan (1989) and Rolinsky (1989 ) on DC plasma nitrided samples. Lanagan reported 
a continuous Al-rich phase but did not elaborate on its nitrogen content. In this work, no 
nitrogen was detected in this layer which is contrary to the findings of Rolinsky 
(Rolinsky, 1989) who suggested, based on X-ray diffraction results, significant nitrogen 
concentration (25 at.%) in this layer.
The thickness of the a-case determined by EPMA is also very close to the value obtained 
from cross sectional examination (~ 80jnm). The EPMA profile clearly indicates a 
diffusion profile for nitrogen which, after a sudden drop, gradually decreases to negligible 
value at the end of diffusion zone. The existence of a continuous a-case in high 
temperature nitriding (1000°C) has been reported by several researchers using DC plasma 
nitriding (Rolinsky, 1989).
The SEM micrograph in Fig. 6.23 shows the microstructure of the core region of the 
specimen MIP nitrided at 1000°C for 16 hs. The microstructure consists essentially of 
transformed P having a fine Widmanstatten a  structure within large grains of prior P 
phase. The absence of any primary a  indicates that the nitriding temperature was above
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the P transus. The structure is typical of martensitic transformation and most probably 
consists of a small amount of p and orthorhombic a ”.
The Influence of other Processing Parameters
The microstructure of the specimens nitrided at this temperature was found to be, by and 
large, insensitive to the processing time except for the presence of small amount of TÌ2 N 
at lower treatment time, as mentioned previously. However, gas composition did 
influence the microstructure. For instance, in the case of the 50%N2-50%H2 gas mixture, 
the interface between the a-case and the core was not completely flat and several 
elongated a grains were penetrated deep into the core region. The number of isolated a  
islands in the core in the neighbourhood of the interface with a-case, was also found to be 
higher.
Fig. 6.22. Concentration profile o f different elements obtained by EPMA on the 
specimen MIP nitrided at 1000°C fo r 16 h in 75%N2~25%H.2 gas mixture.
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Fig. 6.23. SEM micrograph of the core microstructure o f the specimen MIP nitrided 
at 1000°Cfor 16 h in 75%N2~25%H2 gas mixture.
6.2.3.2. Intermediate Temperature (900 °C)
MIP Nitriding
After MIP nitriding at 900°C, a layered structure similar to those of higher temperature 
treatments was produced, i.e. a compound layer on the surface followed by a 
discontinuous layer, a continuous a diffusion case and finally the core, as shown in Figs. 
6.24 and 6.25. A compound layer was formed on all the specimens irrespective of 
treatment time and gas composition. However, the thickest compound layer (~4.5 pm) 
was obtained after 16 h treatment in 75%N2-25%H2 gas mixture (see SEM micrograph 
presented in Fig. 6.26). The compound layer for all treatment conditions at 900°C was 
thinner than those obtained at 1000°C.
X-ray diffraction, Figs. 6.27a and b, established that the compound layer consisted of 
TiN and a small amount of Ti2 N after 4 h treatment. As the treatment time increased the 
amount of Ti2 N decreased and after 16 h the compound layer consisted entirely of TiN. 
The relative intensity of the (111) to (200) plane of TiN was found to be about 1.15 
compared with 0.72 for the JCPDS data base and 1.05 for the specimen nitrided at 
1000°C. In other words, a higher degree of directionality was evident in the TiN layer for 
nitriding at 900°C compared with the specimen MIP nitrided at 1000°C.
The EPMA elemental profile in Fig. 6.28 also suggests the presence of a compound layer 
with maximum nitrogen concentration of around 32 at.%. Based on this result it is not 
possible to unequivocally identify the layer as TiN or Ti2 N. However, the X-ray
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diffraction results presented above where an insignificant amount of Ti2 N was detected, 
support the presence of a monophase TiN layer. Nitrogen depletion in the Al-rich sub­
layer is once again observed. The EPMA profile suggests that the diffusion zone extends 
approximately 50 pm  below the surface. The SEM micrograph in Fig. 6.25 shows that 
the diffusion zone is in fact an a-case, comprised entirely of large a  grains without any (3 
phase.
It is interesting to note that the nitrogen profile in Fig. 6.28 rises again at a depth of 
70 pm. This behaviour is again repeated at a depth of 110 pm. Associated with each rise 
in nitrogen concentration, there is a corresponding decrease in the concentration of 
aluminium. These increases in nitrogen content, well below the a-case, were found to be 
associated with a  islands in the core. It also appears that at the boundary of these islands 
there is an accumulation of large quantity of vanadium and, to a lesser extent, some 
aluminium. The high magnification used in SEM micrograph presented in Fig.6-26 
shows the details of compound layer but the selected field does not included a  islands.
The thickness of the a-case in specimens nitrided in a gas mixture with lower nitrogen 
content was slightly lower than those nitrided in a gas mixture with higher nitrogen 
content, irrespective of treatment time and temperature. For instance, for the treatment
time of 16 h, a-cases of 30 and 40 pm thick were observed for treatments in 50%N2- 
50%H2 and 75%N2-25%H2 mixtures, respectively. The interface between the continuous 
a-case in the higher nitrogen content gas mixture was planar compared with non-planar 
interface in the low nitrogen content gas mixture as shown in Figs. 6.24 and 6.25.
The microstructure of the core of specimens MIP nitrided at 900°C consisted of entirely 
transformed p having a fine Widmanstatten a  structure within large grains of prior p 
phase, Fig. 6.29, suggesting that nitriding was again carried out above the P transus 
temperature. Similar to the higher temperature, the microstructure is typical of a 
martensitic transformation and would most probably consist of a small amount of p and 
orthorhombic a ”.
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Fig. 6.24. Optical micrograph o f the specimen MIP nitrided at 900 °C fo r  16 h in
75%N2-25%H2
Fig. 6.25. Optical micrograph o f the specimen MIP nitrided at 900 °C fo r  16 h in
50%N2-50%H2.
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Fig. 6.26. SEM micrograph o f the specimen MIP nitrided at 900° fo r 16 h in 75%N2~
25%H2 (D.Z. stands fo r  diffusion zone).
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Fig. 6.27. X-ray diffractographs o f the specimen MIR nitrided at 900 °C in 75%N2~ 
25%H2 after treatment time o f (a): 4 h and (b): 16 h.
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Fig. 6.28. EPMA depth profile o f alloying elements ofM lP specimen nitrided at
900 °C for 16 h in 75%N2-25%H2.
Fig. 6.29. SEM micrograph o f the core structure o f the specimen MIP nitrided at
900 °C for 16 h in 75%N2-25%H2.
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DC Plasma Nitriding
Fig. 6.30 is a SEM micrograph (back scattered electron image) of the specimen DC 
plasma nitrided at 900°C for 16 h in a 75%N2-25%H2 gas mixture. The compound layer 
is slightly thicker than the layer obtained for the specimen MIP nitrided at the same 
treatment conditions (6 pm vs. 4.5 pm). Optical microscopy confirmed the presence of a 
TiN layer, with a distinct golden colour, about 1 pm thick. Under this layer, a 5 pm  
thick silvery layer, assumed to be Ti2 N, was observed.
X-ray diffraction analysis, Fig. 6.31a, supported this observation by showing much 
stronger relative intensity for the Ti2 N phase than for TiN. This indicates a much thicker 
Ti2 N layer in this case than that observed on the specimens MIP nitrided at the same 
treatment conditions (< 1 pm). The only microstructural difference between the samples 
treated with different gas mixtures (75%N2-25%H2 and 50%N2-50%H2) in DC plasma 
nitriding is the presence of larger amount of Ti2 N in the latter (Fig. 6.31b).
The relative intensity ratio of (111) to (200) for the TiN phase, of about 0.12, is almost 10 
times lower than that observed for MIP nitriding (1.15). This suggests that the TiN layer 
is preferentially oriented in the <002> crystallographic direction for the DC plasma 
nitrided specimen while the MIP specimen showed a <111> orientation.
A very thin diffusion zone (~ 6pm) can be observed on the SEM micrograph presented in 
Fig. 6.30. This layer resembles the a-case present in the MIP nitrided specimens, albeit 
much thinner (cf. 6 and 40 pm). This layer also appears to be continuous with the a  
grains in the core structure. However, the EPMA profiles shown in Fig. 6.32 indicate 
that this layer is essentially aluminium rich with negligible nitrogen content. In fact the 
nitrogen content rises at a depth of 10pm below the surface, i.e. immediately beyond this 
layer, and then diminishes after a further 2-3 pm. It appears that the real a-case is only 2­
3 pm thick. The most unexpected aspect of the nitrogen profile revealed by the EPMA is 
that the total depth of nitrogen diffusion including the compound layer, Al-rich and 
diffusion zone is only 14 pm. This is almost one third of that observed for the MIP 
nitrided specimens at this temperature (45 pm).
The microstructure of the core of all the specimens DC plasma nitrided at 900°C was 
identical to the microstructure of the as-received material and showed an annealed a/p 
structure that consisted of primary a grains with decomposed p phase having a 
Widmanstatten structure, Fig. 6.30. The grain sizes of the a/p phases were, however, 
slightly larger than those in the as-received material. The presence of the original 
microstructure indicates that nitriding was carried out below the p transus and that primary 
a grains were not converted to p. The fact that all primary a grains were converted to p
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during MIP nitriding at the same temperature (900°C) suggests that another factor is 
fundamentally altering the microstructure in the MIP.
Fig. 6.30. The SEM micrograph o f the specimen DC plasma nitrided at 900 °C fo r  16 
h in 75%N2-25%H2 gas mixture (C.L. stands fo r  compound layer).
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Fig. 6.31. X-ray diffractograph o f DC specimen nitrided at 900 °Cfor 16 h, (a): 
75%N2-25%H2 and (b): 50%N2-50%H2
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Fig. 6.32. ERMA depth profiles o f different elements in the specimen DC plasma 
nitrided at 900 °C for 16 h in 75%N2-25%H2.
6.2.3.3. Low Temperature Treatments (800 °C)
MIP Nitriding
An SEM micrograph of the specimen MIP nitrided at 800°C for 16 hr in a 75%N2-25%H2 
gas mixture is shown in Fig. 6.33. The thickness of the compound layer is estimated to be 
about 3 jLtm. Underneath the compound layer, a discontinuous and patchy layer can be 
observed which is joined to the a-case. Some elongated a  grains have originated from 
the a-case and stretched to the core area.
The X-ray diffractograms in Figs. 6.35a and b show that TiN is the dominant phase after 
16 h. However, a significant amount of £-Ti2 N is also present. Ti2 N is the dominant 
phase after shorter treatment times of 4 and 8 hr.
The microstructure of the core of the specimen MIP nitrided at low temperature shows a 
preferred formation of a  crystals in the a/(3 matrix following a continuous layer of a  
crystals. The thickness of the continuous diffusion layer (a-case) is estimated to be 
~30|U,m.
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The EPMA elemental profiles for this sample, Fig. 6.35, indicated the same succession of 
layers as those described for high and intermediate temperature treatments. According to 
the EPMA, the compound layer is 5 jLtm thick. This is based on the assumption that the 
nitrogen content should reach zero at the end of the layer and before the Al-rich zone 
starts. However, if we assume that the compound layer terminates where the aluminium 
concentration rises, the thickness of the compound layer would be around 3 pm. This is 
in agreement with the thickness measured from the SEM micrograph. Judging from the 
nitrogen profile, the thickness of the diffusion zone is approximately 8 pm.
The microstructure of the c$re, Fig. 6.33, consists of a fine Widmanstatten a  structure 
within large grains of prior (3 phase with some retained (3 (light areas in the SEM 
micrographs). Again, this microstructure suggests that during MIP nitriding at 800°C all 
the primary a  case grains were converted. This is a very unusual observation since the (3 
transus for Ti-6A1-4V is 980°C. That the a  grains can be converted to (3 at 180°C below 
the transus temperature points to a fundamental difference in nitriding response of Ti-6A1- 
4V to MIP and DC plasma nitriding.
DC Nitriding
The specimen DC plasma nitrided at 800°C displayed the same succession of layers as 
those obtained after DC plasma nitriding at 900°C. Fig. 6.36 shows the SEM micrograph 
of the specimen nitrided at 800°C for 16 h in 75%N2-25%H2- The thickness of the 
compound layer is about 3 pm. A continuous diffusion zone, ~4 pm thick, is also 
apparent. The microstructure of the core is identical to the as-received material without 
any sign of coarsening or phase transformation.
Ti2 N is the dominant phase in the compound layer, as evidenced by the X-ray 
diffractogram presented in Figs. 6.38a and b. This is similar to the observation made on 
the specimen DC nitrided at 900°C. It does, therefore, appear that after DC nitriding the 
compound layer consists of a thin TiN layer and a much thicker Ti2 N layer.
The EPMA profiles, Fig. 6.38, support the existence of a compound layer about 4 pm 
thick. Intriguingly though, there is no nitrogen detected beneath the compound layer even 
after the aluminium rich layer has terminated. It is possible that the continuous layer 
observed in the SEM micrograph (Fig. 6.36) is not a “continuous diffusion zone” but is in 
fact the Al-rich layer. In other words, there is no nitrogen diffusion zone although in the 
outermost part of the Al-rich layer some a  phase platelets have been stretched into the a/(3 
matrix structure.
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Fig. 6.33. SEM micrograph o f the specimen MIR nitrided at 800 °C fo r  16 hr in
75%N2-25%H2 gas mixture.
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Fig. 6.34. X-ray diffractograph ofM IP nitrided specimens at 800 °C in 75%N2 
25%H2for treatment times of, (a): 4 h, (b): 16 h .
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Fig. 6.35. EPMA depth profile o f alloying elements ofM IP specimen nitrided at
800 °C for 16 h in 75%N2-25%H2.
F ig. 6 .36. SEM micrograph o f the specimen DC plasma nitrided at 800°C fo r  16 h in
75%N2-25%H2 gas mixture.
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Fig. 6.37. X-ray diffractographs o f the specimens DC plasma nitrided at 800°C in 
75%N2~25%H2for treatment times of, (a): 4 h, (b): 16 h .
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Fig. 6.38. EPMA depth profiles o f different elements in the surface region o f the 
specimen DC plasma nitrided at 800 °C for 16 h in 75%N2-25%H2.
6.2.4. H ardness M easurem ent
6.2.4.1. Ultra Micro Indentation System (UMIS)
MIP Nitriding
Microhardness measurements, using the UMIS 2000 with indentation loads ranging from 
10 to 1000 mN, were made directly on the surface of the MIP specimen nitrided at 800°C 
for 4 h in 75%N2-25%H2. The hardness profile is shown in Figs. 6.40 a and b. The 
maximum surface hardness for the lowest load, i.e. 1700 Hv agrees closely with the 
hardness of TiN and Ti2N mixtures reported previously by a number of researchers 
investigating nitriding of titanium alloys (Salehi, 1990). Needless to say, the surface 
hardness measurement are inevitably affected by the thickness of the layer and the 
underlying material so that the observed hardness of the TiN layer is lower than the value 
(3000 Hv) quoted in the literature for bulk TiN .
Unfortunately, because of the high surface roughness of specimens DC or MIP nitrided 
for longer times and/or at higher temperatures, UMIS measurements were not possible. 
On these samples, hardness profiles were obtained by using microhardness measurements 
on the cross sections.
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6.2.4,2. Microhardness Profiles 
MIP Nitriding
The hardness profiles obtained after MIP nitriding at 800°C for 4, 8 and 16 h in 75%N2- 
25%H2 gas mixture are shown in Fig. 6.40. As expected the total depth of hardened zone 
(i.e. compound layer, Al-rich and diffusion zone) increases slightly as the treatment time 
increases. For the maximum treatment time (16h), the hardness drops to the core value at 
a depth approximately 20jim below the surface, which is in agreement with the case depth 
measurement from cross sectional examination (see Fig. 6.33).
Microhardness measurements performed on the cross-sections of specimens MIP nitrided 
at different temperatures presented in Fig. 6.41. The profiles follow a similar trend, i.e. 
high surface hardness which rapidly drops to a lower value at around 10 to 20 Jim and 
thereafter a gradual decrease to the core hardness. In specimen treated at 1000°C, a 
thicker compound layer was formed and consequently the maximum surface hardness 
(1800 HV.025) was obtained.
It should be pointed out that the patchy nature of aluminium rich phase compounded by 
the small size of these precipitates rendered hardness measurements extremely difficult 
and generally the hardness varied from 890 to 1400 HV.025 in specimens treated at 800, 
900 and 1000°C.
Beneath the compound layer and/or the aluminium rich zone the diffusion zone had a 
maximum hardness of 1200 HV.025, decreasing gradually with the distance from the 
surface. The depth of the diffusion zone for treatments conducted at 800, 900 and 
1000°C, are estimated from the hardness profiles to be 50, 100 and 150 Jim, respectively. 
These values are in good agreement with the thicknesses obtained from cross sectional 
microscopy.
DC Nitriding
Fig. 6.42 shows the hardness profiles of the specimens DC plasma nitrided at the same 
treatment conditions as the MIP specimens mentioned above. It is apparent that the MIP 
specimens had a higher hardness and, more importantly, exhibited a much thicker 
diffusion zone. These results also corroborate the findings of cross sectional microscopy 
and EPMA.
The effect of treatment time on the hardness of DC nitrided specimens is highlighted in 
Fig. 6.43, where it can be seen that the depth of hardening was increased at higher 
treatment times.
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Fig. 6.39. UMIS surface microhardness profile o f the MIR specimen nitrided at 800 °C 
fo r 4 h in 75%N2~25%H2, (a): Hardness vs. load and (b): hardness vs. indentation depth
to thickness ratio o f the compound layer
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Fig. 6.40. Microhardness profiles o f the specimens MIR nitrided at 800 °C fo r 4, 8
and 16 h in 75%N2~25%H2 gas mixture.
F ig . 6.41 . M ic ro h a rd n e ss  p ro file  o f  the  sp ec im e n s  M IR  n itr id e d  a t 800°, 9 0 0 °  a n d
1 0 0 0 ° C fo r  1 6  h  in 75% N 2-2 5 % H 2
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Fig. 6.42. Microhardness profiles o f the specimens DC plasma nitrided fo r  16 h at 
800° and 900 °C in 75%N2~25%H2 gas mixture.
F ig . 6.43. M ic ro h a rd n e ss  p ro file  o f  the sp ec im en s  D C  p la sm a  n itr id e d  a t 8 0 0  °C f o r  4,
8 a n d  1 6  h in 75% N 2-2 5 % H 2.
Chapter Six Results 155
6.3. General Comparison Between MIP and DC Plasma 
Nitriding
The results of microstructural characterisations and elemental analyses presented in the 
previous sections establish that the mode of plasma excitation has a profound influence on 
the evolution of microstructure in the nitrided Ti-6A1-4V. In particular, the thickness and 
microstructures of the compound layer, diffusion zone and core were found to be 
significantly different for MIP and DC plasma nitriding. In an attempt to elucidate the 
mechanisms responsible for these differences, further elemental analyses were conducted 
on the compound layer, diffusion zone and core of different samples.
6.3.1. NRA of the Compound Layers
X-ray diffraction and EPMA revealed that the compound layer formed on the MIP nitrided 
specimens was predominantly composed of TiN with small amounts of Ti2 N. In 
contrast, Ti2 N was found to be the major constituent of the compound layer formed on the 
DC plasma nitrided specimens. In order to obtain more information from the compound 
layer the nitrogen profiles in the first 2 pm of the surface were obtained by NRA. It was 
thought that the limited penetration of 3He would provide a higher sensitivity to nitrogen 
content in the near surface regions.
Fig. 6.44 shows the NRA nitrogen profile obtained from the specimen MIP nitrided in 
75%N2-25%H2 gas mixture. The N/Ti atomic ratios varies from 0.7 at the surface and 
gradually decreases to about 0.2 at a depth of 1.5 pm. No plateau, indicative of fixed 
stoichiometry of Ti2 N could be detected.
Fig. 6.45 demonstrates the NRA nitrogen profile from the specimens DC plasma nitrided 
under the same treatment conditions as MIP nitrided specimens shown in Fig. 6.44. The 
nitrogen concentration on the surface is slightly higher than the MIP nitrided specimen 
(0.75 Vs. 0.70) and decreases to a constant value at around 0.25 pm.
Although the accuracy of nitrogen determination with NRA is not very high it can be 
inferred that Ti2 N is the main phase present in the compound layer. Other NRA analyses 
also indicated similar trends in nitrogen profiles. It should be emphasised that based on 
our results NRA exhibited a resolution of approximately 100 nm, in distiguishing major 
changes in nitrogen concentration.
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Fig. 6.44. The NRA nitrogen profile o f the specimen MIP nitrided at 900 °C fo r 8 h in
75%N2-25%H2 gas mixture.
F ig  6  45 . T he  N R A  n itro g e n  p ro file  o f  the  sp ec im en  D C  p la sm a  n itr id e d  a t  9 0 0  °C f o r
8 h  in 7 5% N 2-2 5 % H 2.
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6.3.2. GDOES of Diffusion Zone and Core Diffusion L ayer
Another interesting difference between MIP and DC nitriding is the thickness of the 
diffusion zone, or more specifically, the a-case. The thickness of the diffusion zone 
obtained by MIP nitriding, as determined by cross sectional examinations using optical 
microscope, SEM, EPMA and hardness measurements, appears to be an order of 
magnitude greater than that obtained by DC nitriding. For example the EPMA nitrogen 
profiles obtained for MIP nitriding at 800, 900 and 1000°C, show significant depth of 
nitrogen penetration. At 800°C, there is a distinct a-case starting at 6 pm  below the 
surface and finishing at 14 pm. At 900 °C, the a-case extends up to 18 pm. The a-case 
for 1000°C extends well beyond 20 pm and about 40 pm thick.
The contrast with the DC nitrided specimens can be appreciated by examining the nitrogen 
profiles depicted in Fig. 6.46. Essentially no a-case is distinguishable for the top surface 
of the specimens DC plasma nitrided at 800 and 900 °C. The bottom surface, i.e. the 
surface in contact with the stage and, hence, concealed from the plasma, showed an 
unmistakable a-case.
The GDOES nitrogen profiles illustrated in Fig. 6.47 show slightly deeper nitrogen 
diffusion zone compared with EPMA. This emphasises the fact that the total depth of 
nitrogen diffusion is much shallower in DC nitriding.
Fig. 6.46. The E P M A  n itro g e n  p ro file  o f  D C  p la sm a  n itr id e d  sp ec im e n  f o r  1 6  h  a t
8 0 0 °  a n d  9 0 0  °C in 75% N 2-25% H 2 .
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GDOES profiles for hydrogen shows a marked difference between MIP and DC plasma 
nitrided specimens. In the case of MIP nitriding, Fig. 6.48, a significant amount of 
hydrogen has diffused through the compound layer, diffusion zone and even core of the 
specimen. For DC nitriding, high hydrogen concentration can only be observed in the 
compound layer. Indeed, comparison with other elemental profiles, especially the 
nitrogen profile obtained by GDOES, EPMA and NRA, suggests that all the hydrogen has 
been accommodated in the TiN. In other words, the thick Ti2N layer in the compound 
layer of DC plasma nitrided specimen acted as an effective diffusion barrier for hydrogen 
and prevented the diffusion into the a-case or core. Fig. 6.49. shows the hydrogen 
concentration profile in DC nitriding specimen at the same condition of specimen MIP 
nitrided shown in Fig. 6.48.
Fig 6.47. The GDOES nitrogen profile o f the specimens DC plasma nitrided in two
different atmospheres.
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Fig. 6.48. GDOES elemental Profiles for the specimen MIP nitrided at 900 °C fo r  4 h
in 75%N2-25%H2 gas mixtur
Fig. 6.49. G D O E S  e lem en ta l P ro file s  f o r  the spec im en  D C  p la sm a  n itr id e d  a t 9 0 0  °C
f o r  4  h in 75% N 2 -2 5 % H 2  g a s  m ix ture
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7. Discussion
7.1. Salient Characteristics of MIP Compared to Other Plasmas
The excellent uniformity and the unique microstructure of the MIP nitrided titanium alloy 
obtained in this work demonstrates the advantages of this technique over DC plasma 
nitriding. Undoubtedly, the origin of these advantages lies in the specific characteristics of 
MIP, in particular, the electrodeless nature of the plasma, the higher operating pressure, 
and higher ionisation efficiency.
Before proceeding to discuss the underlying reasons for the totally different nitriding 
response of the titanium alloy Ti-6A1-4V to the mode of plasma generation, MIP or DC, it 
is imperative that the basic plasma characteristics of MIP should be compared and 
contrasted with DC or plasmas excited by the application of lower frequency electric 
fields.
7.1.1. Electrodeless Nature of MIP
One of the major differences of MIP compared to other modes of plasma generation is its 
ability to maintain the plasma without any requirement for electrodes. In MIP, the plasma 
is just initiated by a tungsten electrode which is located at the top of the reactor and 
bringing down at position of maximum electric field intensity as a plasma ball detached 
from the tungsten electrode to cover the specimen. The position of maximum electric field 
intensity is governed by the design of the cavity and the frequency of the applied field. In 
this work a TM 012 cavity was used with maximum electric field at the centre of the 
cylindrical cavity (see Fig. 5.2). Thus, when microwave radiation above a threshold 
power density is launched into the cavity, filled with gas at a pressure around a few mbar, 
a plasma ball will form. The initiation and maintenance of the plasma does not depend at 
all on the emission of secondary electrons from the specimen and an electrodeless plasma 
is realised.
7.1.2. Operating Pressure of MIP vs. DC Plasma
The second important feature of the MIP is the ability to operate at a much higher 
pressure. As mentioned previously, the operating pressure of a DC plasma is closely 
linked to the electrode separation. If the pressure is too high, the mean free path for 
impact ionisation will be very short and electrons cannot reach the anode so the plasma 
would be extinguished. For a typical DC nitrogen plasma, this occurs at pressures above 
10 mbar.
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In MIP, the plasma ball forms at the position of maximum electric field strength. 
Increasing the pressure has a constricting effect on the size of the plasma ball, which can 
be counteracted by increasing the power. As a corollary, it is possible to sustain MIP at 
much higher pressures than those achievable in DC plasmas without extinguishing the 
plasma provided that a minimum power level is maintained.
In the present work, the MIP was normally operated at an average working pressure of 70 
mbar, depending on the required nitriding temperature. These pressures are about 20 
times higher than the pressures used for DC plasma nitriding. Consequently, the partial 
pressure of the reactive species are also much greater.
7.1.3. Plasma Parameters of MIP vs. Other Plasmas
Plasma parameters such as the electron and ion energies or temperatures (T e, T i ) and the 
ion density (nj) or ionisation efficiency (ni/n0 where n0 is neutral density), will have a
large influence on the potency of a particular plasma for surface modification. In order to 
appreciate the position of MIP with respect to other plasmas, the plasma parameters of 
MIP must be compared with these of other plasmas.
Langmuir electrical double probe measurements carried out in this work yielded an 
electron temperature of 3.4 eV and an ion density of 0.7 x 1 0 ^  cm“3 for the MIP. The 
only other work using MIP for nitriding of titanium has been reported by Shibutami 
(1985) and was carried out in a nitrogen or a nitrogen-hydrogen gas mixture maintained at 
a pressure of 10 mbar inside a quartz enclosure. In Shibutami’s work the plasma was 
initiated and maintained using 150 W of microwave power at 2.45 GHz and MIP was 
purely used as a mass transfer medium with heating of the titanium specimens produced 
by auxiliary inductive heating.
Fig. 3.10, reproduced from the Shibutami work, shows the variation of the electron 
temperature and ion density as a function of the distance from the centre of the cavity. In 
the discharge region, the electron temperature was greater than 20 eV for the nitrogen 
plasma and greater than 10 eV for the nitrogen-hydrogen plasma. The electron 
temperature decreased with increasing distance and was 2-3 eV for both plasmas in the 
afterglow region. In this region, the electron energy was not high enough for significant 
ionisation or excitation (usually ni=0 in the after glow).
The ion density was 1010-10 H cm~3 in the discharge region and it also decreased with 
increasing distance to be 10^-10^ cm"3 in the after glow. The effect of the addition of 
hydrogen to the nitrogen plasma was minimal. The degree of ionisation of nitrogen in the 
discharge region was estimated to be of the order of 10"^ reducing to be of the order of 
10"! 1 in the afterglow region.
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The electron temperature obtained in this work (3.4 eV) matches the lower value of the 
range reported by Shibutami (20 eV). Regarding the pressure of their plasma (10 mbar), 
it can be concluded that there is no equilibrium between the electron temperature Te, and 
the ion or gas temperature Tg. In the other words this plasma is not energetic and is 
relatively cold. The higher pressure employed in this work was primarily responsible for 
lowering the electron temperature compared with the one used by Shibatumi.
Konuma et al. (1977), utilised a 13.56 MHz, 500 W RF generator to form an inductively 
coupled (ie. an electrodeless) RF plasma, operating at 5 to 20 mbar, for nitriding of 
titanium, zirconium and steel in a N2  and N 2 -H2  plasma. The electron temperature and
the ion density for the nitrogen plasma were estimated to be 8-10 eV and 109-1010 cm '3, 
respectively. In the N2 -H2  plasma, the electron temperature was slightly higher (9-11
eV) with the ion density slightly lower. The floating potential was estimated to be 
between - 80 to -100 eV. Konuma et al. did not specify the exact position in the plasma 
that was probed. This RF plasma operated at a lower pressure than our MTP therefore 
gave higher electron temperatures. The ion density, however, was an order of magnitude 
lower than the MIP.
The effect of the RF frequency on the excitation of energetic species in an RF plasma has 
been studied by Raveh (1993), who showed that at high frequencies, an additional 
increase in the concentration and density of energetic species can be achieved. Raveh 
(1993) concluded that the higher population of electrons in the energetic tail of the electron 
energy distribution function (EEDF) is responsible for the more efficient formation of 
energetic species. This in turn results in substantially higher plasma reaction rates, at 
higher frequencies. It is therefore expected that the higher frequencies in the more highly 
ionised MIP will result in extensive dissociation and/or excitation of gaseous species.
No comprehensive information regarding plasma parameters could be found in the 
literature for DC plasma nitriding of titanium. However, there is a voluminous body of 
information for DC plasma nitriding of ferrous materials which indicate an electron 
temperature of only a few eV.
Each of the plasmas discussed above has its own distinctive properties and gives rise to 
different processing conditions. MIP is an electrodeless plasma characterised by high 
operating pressure, a relatively high electron and ion density (of the order of 1012 cm'3) 
with a low electron and a high ion temperatures typically in the range of 3-4 eV (1 eV 
corresponds to a temperature of about 11000 K). The RF plasma is on the other hand 
usually electrodeless if inductively coupled and has a lower operating pressure and lower 
ionisation efficiency. The DC plasma operates at a lower pressure compared with the 
MIP and has a population of electrons with high energies and lower ionisation efficiency.
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In spite of the differences in the basic plasma parameters for RF and DC plasmas, they are 
all considered to be low-pressure, non-equilibrium, weakly to partially ionised cold 
plasmas. In non-equilibrium, cold plasmas, the energetic species are the free electrons 
which gain energy from the applied electric field faster than the atoms and molecules. The 
energy distribution of the bulk electrons is close to Maxwellian since electron-electron 
collisions dominate all other processes. In such situations, the average electron energies 
are around 2 - 1 0  eV, which corresponds to electron temperatures Te of 104 - 105 K. 
However, the gas temperature Tg is close to ambient, so there is a non-equilibrium nature 
to the plasma in which Te »  Tg electron-neutral collisions give rise to the creation of 
active species producing high-temperature chemistry in a low temperature gas. In this
sense, cold plasmas are different from thermal plasmas, where the ions and electrons are 
thermalised (Te = T. or Tg). It is the reactivity of the chemically active species present in
cold plasmas rather than their total energy that is the paramount consideration for surface 
modification.
The electron and ion energies in cold plasmas are also influenced by the electrical 
potential of the substrate surface relative to that of the plasma. Generally speaking, due to 
the differences in mobility between electrons and ions, a space charge or sheath forms 
adjacent to any surface in contact with a plasma so that this surface will be negative with 
respect to the plasma potential.
In a DC plasma this substrate bias is maintained in the range of 300-800 eV ensuring high 
ion energy bombardment of the substrate. In MIP, the substrate is grounded and is only 
exposed to thermal bombardment of ions and neutral species generated in the plasma. The 
plasma potential is estimated to be about few volts.
The range of plasma-surface interactions which can occur during plasma surface 
modification is illustrated schematically in Fig. 7.1 and depending strongly on substrate 
bias. To emphasise the differences in plasma-surface interactions in MIP and DC plasma, 
two windows have been conveniently defined for energies less than 30 eV and greater 
than 300 eV. These windows serve to demonstrate the kind of interaction one might 
expect from the moderate thermal ion bombardment (3-4 eV) that dominates in MIP and 
high energy ion bombardment (300 eV-10 keV) which characterises the DC plasma.
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The importance and relevance of these plasma-surface interactions in the evolution and 
morphology of the nitrided titanium will be discussed in more detail in the following 
sections. However, it suffices to say, the energy carried to the surface by both plasmas 
can be equal to, or considerably larger than (especially in the case of DC plasma), the 
energies which characterise a solid. The surface atom binding energy or sublimation 
energy is about 3-10 eV while the sputtering threshold energy is about 4 times the 
sublimation energy (ie. 10-40 eV). The high ionisation efficiency in the MIP means that 
the flux of ionised or energetic neutral species capable of sputtering will be high although 
the energies of these species are generally lower than in DC nitriding.
7.1.4. D iscontinuous N atu re  of M IP
Examination of the high voltage waveform, microwave reflected power and optical 
emission from the plasma clearly indicates that the MIP utilised in this work was in fact a 
pulsed plasma. This is a direct consequence of using a half wave voltage doubler in the 
electrical circuit (Fig. 5.4.). The effective duty cycle of the magnetron varied from 40­
60% (8-12 ms pulses) while the plasma lasted approximately 5 ms. In other words, the 
actual treatment time that the specimen was immersed in the plasma was only 15-20 % of 
the total processing time. Although the voltage in DC plasma nitriding was automatically 
varied to maintain the nitriding temperature, at all times a plasma was maintained. 
However, some studies of DC glow discharge nitriding have highlighted the advantages 
of pulsing the DC power supply.
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7.2. Surface Characteristics of MIP and DC Plasma Nitrided 
Titanium Alloy Specimens
The results presented in chapter 6 show that the mode of plasma excitation, MIP or DC, 
has a pronounced influence on the surface appearance, morphology/topography and 
colour of nitrided Ti-6A1-4V alloy. The most striking feature of the MIP nitrided titanium 
samples was the uniform golden colour across the whole sample. In stark contrast, DC 
plasma nitriding resulted in uneven surfaces, manifested as grey/silvery rings around the 
periphery of the specimen, and a dark brown colour in the central part.
Similar observations regarding treatment non-uniformity have been made by Lanagan 
(1988) in his investigation of the DC plasma nitriding of titanium alloys. His detailed 
study of this phenomenon revealed an increased surface roughness, the absence of any 
compound layer and little sub-surface hardening in outer edges of specimen. Clearly this 
non-uniformity is likely to impair the functionality of the material, rendering DC plasma 
nitrided titanium ineffective for applications where load bearing ability at the edges is 
required, as in gears or steering racks.
In this regard, the MIP nitrided surfaces are technologically superior to those obtained by 
DC plasma nitriding. Since the only previous work on MIP nitriding of titanium 
conducted by Shibutami (1985) did not make any reference to the treatment uniformity, it 
is worthwhile discussing this unique aspect of MIP in terms of the most pertinent plasma 
parameters. In the following sections, the most plausible reasons for the significant 
differences in the appearance, morphology and colour of the MIP and DC plasma nitrided 
specimens are discussed.
Before proceeding to discuss the possible reasons for the improved uniformity of MIP 
nitriding, it should be noted that treatment non-uniformity is in fact inherent in DC plasma 
treatment and is not peculiar to the nitriding of titanium. However, the severity of this 
non-uniformity becomes more apparent in the case of titanium than other materials such as 
steel, because of the distinct golden colour of TiN.
No universally accepted hypothesis has yet been advanced to account for the non-uniform 
appearance of DC plasma nitrided specimens. Lanagan (1988) considered two possible 
mechanisms. Firstly, he suggested that perhaps localised temperature variation due to the 
low thermal conductivity of titanium could be responsible. He argued that because the 
heat generated at the edges could not be conducted away as quickly as heat generated near 
the centre, higher temperatures developed locally and resulted in different nitriding 
conditions. He also proposed an alternate mechanism suggesting that the non-uniformity
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arose from local variation in the current density and hence the density of reactive species 
m the plasma surrounding the workpiece.
The marked topographic variation between the edge and centre of the specimen suggests 
that treatment non-uniformity is more likely to arise from variation in the sputtering yield 
due to the higher electric fields at sharp edges and comers. Higher electric field strength, 
in turn, results in higher energies of the ions which pass through the dark space and hit 
the surface of the cathode. The strong dependence of sputtering yield on ion energy 
means that enhanced sputtering occurs near the edge regions.
In the case of titanium, the severity of this enhanced sputtering prevents the formation of 
TiN on the edges of the specimens, ie. some of the nitrogen already adsorbed on the 
surface is sputtered away and as detected by Lanagan (1988), the remaining nitrogen is 
only adequate for the formation of Ti2N. This results in grey/silvery rings of Ti2 N near 
the edge of the specimen rather than the golden colour of TiN that appears on the centre of 
the specimen.
For MIP nitriding, sputtering is far less severe than in a DC plasma. There is only a 
slight variation in the electric field at sharp edges and, only an extremely narrow band, 
right at the edge, is subjected to severe sputtering. Consequently, the majority of a MIP 
nitrided specimen is covered by TiN, and exhibits a uniform colour and morphology.
Undoubtedly the origin of this behaviour, ie. more uniform sputtering lies in the 
characteristics of MIP. In particular three features of MIP are believed to be responsible 
for the uniformity of treatment: namely, the electrodeless nature of plasma, the higher 
operating pressure of the MIP, and the lower ion energy.
7.2.1. The influence of Plasma Uniformity
Considering the electrodeless aspect first, it must be reiterated that the formation of 
plasma ball in MIP is independent of the specimen. Thus, when a specimen is immersed 
into the MIP, the surface of the specimen is essentially exposed to a uniform plasma and 
the sputtering would be rather uniform across the specimen. This is fundamentally 
different from the DC plasma where the specimen is an integral part of the plasma 
generation and maintenance and causes electric field distribution.
7.2.2. The influence of Operating Pressure
The second aspect of the MIP which is relevant in explaining the uniformity of treatment, 
is the ability of MIP to operate at much higher pressures. As mentioned previously, the 
maximum operating pressure of a DC plasma is around 10 mbar. Lanagan recognised the 
importance of nitriding titanium at higher operating pressures to form a smaller 'dark
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space'. He recommended that nitriding of titanium should be carried out at the highest 
convenient pressure, namely 5 mbar. Presumably this was the highest pressure that could 
be achieved in the system used by Lanagan.
Further, in recognition pf the inability to increase the pressure in DC plasma beyond a 
certain limit, other potential solutions were suggested. The rationales for these solutions 
stemmed from the fact that the thickness of the observed light coloured band at the edge, 
was related to the width of the plasma sheath or cathode dark space around the 
components during treatment. Therefore, it was suggested that to eliminate treatment 
non-uniformity from the critical parts of component, it may be necessary to fit a shield 
around it. Also it was suggested that the use of jigging and sample arrangements may 
minimise the variation in layer thickness across the surface, to ensure that any load 
bearing surfaces have an adequate thickness of compound layer. Finally, it was asserted 
that it may be possible to reduce the width of the cathode dark space, and hence the 
observed light coloured band, by manipulation of operating parameters. For example, the 
use of nitrogen gas rather than nitrogen-hydrogen mixtures was recommended to 
“tighten” the plasma" sheath. In other words, the plasma sheath is smaller in the MIP 
than that in DC plasma because of higher ion density and smaller potential difference 
between the plasma and the workpiece. Any field variation would be on a much smaller 
scale than in DC glow discharge.
MIP operates at much higher pressures than those achievable in DC plasmas without 
extinguishing the plasma provided that a minimum power level is maintained. In the 
present work, the MIP was operated at a working pressure of 60 to 90 mbar, depending 
on the required temperature. These pressures are about 20 times higher than the pressures 
used for DC plasma nitriding (few mbar). Bearing in mind that the higher pressure means 
shorter mean free path for collision of neutrals and ions, it is proposed that the majority of 
sputtered species in MIP underwent collision immediately in front of the specimen surface 
and were consequently redeposited on the surface.
7.2.3. The influence of Ion Energy
The third difference between MIP and DC plasma which might have influenced the 
sputtering characteristics is the ion energy, more precisely ion energy distribution. The 
high negative voltage applied in the DC plasma results in high energy ions striking the 
cathode and causing significant sputtering. The lower energy ions in MIP are believed to 
be far less capable of causing sputtering. The sputtering yield is a strong function of 
energy and it only becomes significant for ion energies in the order of 20 to 30 eV. 
However, while the ion energy in MIP is much lower the flux is much higher and there 
may still be substantial sputtering but the scale-lengths for any variation are much smaller 
as discussed above.
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7. 2.4. Topography and Morphology
The surface of titanium alloy specimens after DC plasma nitriding exhibited a rough 
topography, consisting of plate-like features forming peaks and valleys, resembling an 
‘orange-peel’ specially on the outer ring. On a finer scale, the surface appeared to consist 
of very fine granular features superimposed on the “orange-peel” topography. Rolinski 
(1988) and Lanagan (1988), reported similar observations, the surfaces were dominated 
by the presence of undulating irregularities on which were "superimposed" many minute 
spherical bulges below 1 micron in diameter.
Although the topography and morphology of the DC plasma nitrided specimens were 
essentially unaffected by process parameters, AFM examinations revealed two different 
morphologies for the MIP nitrided specimens. A plate-like morphology was evident in 
the high (75%N2-25%H2 ) nitrogen content gas mixture. While the lower (50%N2- 
50%H2) nitrogen content mixture produced a pyramid-like morphology.
A simple model proposed by Bollinger et al. (1977) to explain the mechanism of plasma 
nitriding of titanium and to describe the growth mechanism of the nitrided layer on 
titanium. Bollinger at al. (1977) suggested the sputtering-condensation model depicted 
schematically in Fig. 3.11 whereby the sputtering of titanium atoms from the surface by 
the energetic ions and/or neutrals in the plasma results in the formation of titanium nitrides 
in the gas phase which subsequently redeposit on the surface. Atomic nitrogen released 
due to the decomposition of high nitrogen nitride (TiN) to lower nitrogen nitrides (e.g. 
TÍ2 N), diffuses into the surface of titanium. It was also commented by Bollinger et al. 
(1977) that if the nitrogen potential was lower, then TÍ2 N forms and condenses on the 
surface instead of TiN.
Lio et al. (1978) disagreed with this sputtering-condensation model, suggesting instead 
the implantation of nitrogen ions and nitrogen-hydrogen molecular ions into the surface 
and near surface regions as the most critical step. It was further argued that the chemical 
reaction of implanted nitrogen with the metal lattice was responsible for the formation of 
nitride phase. Subsequent diffusion of nitrogen from the nitride phase into the deeper 
layers accounted for the evolution of the nitrided structures on the titanium. 
Unfortunately Lio et al. (1978) did not provide any evidence to support their model.
Rolinski and Lanagan (1988) concurred with the assertion of Bollinger et al. regarding the 
influence of sputtering on nucleation of titanium nitride and accepted the sputtering- 
condensation model as the best mechanism to explain the nitriding of titanium. Lanagan 
(1988) further commented that the glow discharge accentuates the surface features and 
attributed larger undulations on the surface to an inequality in the sputtering yields of 
various crystallographic growth orientations and enhanced sputtering at grain boundaries.
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In the only previous research conducted on MIP nitriding of titanium alloys (Shibutami, 
1985), no mention of the surface topography and growth morphology was made. 
Consequently, a thorough treatment of the evolution of the surface topography in MIP 
and the main differences with DC plasma nitriding processes is provided explained with 
reference to the most pertinent plasma characteristics in the following section.
It is proposed that the growth mechanism of titanium nitride layer, both in DC and MIP 
nitriding of titanium, is similar to the titanium nitride layer deposited by plasma assisted 
chemical vapour deposition (PACVD). After a brief review of the growth mechanism in 
conventional CVD, the influence of plasma will be discussed. Finally, the differences 
brought about due to different modes of plasma generation will be discussed.
7.3. The Influence of Process Pressure on The Growth Morphology
The morphology of the CVD layer results from the interplay between several fluxes such 
as: the impingement flux of species towards the substrate surface; the surface diffusion 
flux; surface reaction rates near and in the surface steps; and temperature. These 
processes control the nucleation and growth phenomena (Ohring, 1992), by influencing 
the degree of supersaturation in the gas phase (i.e. the difference in concentration between 
the gas phase and the coating) and temperature.
Blocher (1974) related various CVD microstructures to the temperature and 
supersaturation and demonstrated that it was possible to obtain a range of microstructures 
such as epitaxial, platelets, whiskers, dendrites, polycrystals, fine-grained polycrystals 
and amorphous. Low deposition rates (low supersaturation) and high surface mobilities 
(high temperatures) are required for monocrystalline or epitaxial growth, but with 
increasing supersaturation and decreasing temperature (lower surface mobility) both 
platelets and whiskers are deposited.
Another feature of the CVD process that influences the microstructure of the growing film 
is the presence of a boundary layer or region near the surface where the gas stream 
velocity and concentration of gaseous species are different to those in the main gas 
stream. In general, the gas velocity is zero at the substrate surface and increases to a 
constant value given by the bulk gas flow velocity, Fig. 7.2. Process pressure affects the 
thickness of the boundary layer and alters mass transport processes occurring across the 
concentration boundary layer. In general, the thickness of the concentration boundary 
layer increases with decreasing pressure. It is also possible that the boundary layer may 
have formed due to thermal gradients in the plasma and associated with the cathodic 
sheath.
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Fig. 7.2. Schematic digram of the gas velocity in the CVD process.
Some aspects of the morphologies of the DC and MIP nitrided titanium could now be 
explained in terms of the above mentioned characteristics of the growth of CVD films. 
For instance, the operating pressure of the MIP is at least one order of magnitude higher 
than the pressure in the DC plasma nitriding (60-70 cf. 3-4 mbar). Consequently the 
thickness of the concentration boundary layer would be much smaller in MIP than in DC 
plasma and the concentration gradient near the surface would be much steeper and the 
supply of neutral species would be faster. This implies faster growth kinetics as far as 
neutrals are concerned. The thinner boundary layer effectively increases the degree of 
supersaturation which, in turn, favours the nucléation of the new nuclei rather than the 
growth of existing grains. In other words, the process changes from a growth-dominated 
one to a nucleation-dominated one.
This model of the film growth is analogous to the model used to explain dendritic 
solidification from a melt in a negative temperature gradient. Therefore, in DC plasma 
nitriding, because of a thick boundary layer, a higher deposition rate could only be 
attained if the surface irregularities were projected into a region with a higher driving force 
(a better access of fresh reaction gas), i.e. greater degree of supersaturation. This could 
only happen by the growth of the existing nuclei, hence, resulting in a discontinuous 
growth front and formation of large surface irregularities.
In contrast, for MIP nitriding because of the thinner boundary layer the growth front 
remains more or else planar. The presence of a high driving force (supersaturation) for 
deposition immediately adjacent to the interface facilitates the nucléation of new grains. 
The stable growth front is conducive to the formation of flattened surface irregularities as 
observed for the MIP nitrided surfaces.
7.3.1. The Influence of Plasma on The Surface Morphology
In Blocker’s microstructural model of conventional CVD, only supersaturation and 
temperature were the parameters used for the classification. However, in the PACVD the
Discussion 171Chapter Seven
of the layer by subjecting the substrate to energetic ionic bombardment, both prior and 
during film growth. In the PACVD process, the morphology and microstructure of the 
layer are governed by different processes occurring as a result of the interaction of 
substrate/gas stream (plasma-volume) and plasma/surface. The main processes are as 
follows: (a) sputtering of surface atoms by the ions; (b) incorporation of ions into the 
substrate; (c) transport of the neutral species to the boundary layer and across the 
boundary layer to the substrate surface and their adsorption on the surface. It is the 
interplay between both the plasma-volume and plasma-surface interactions which dictate 
the growth condition and morphology of the growing film. These aspects offer the 
prospect of modifying the morphology of the growing film.
7.3.1.1. Plasma-Volume Interactions
As discussed previously, in MIP the ionisation efficiency is higher than DC plasma, and 
the number of active species, both ionised and neutral, would be higher too. Higher 
ionisation in the MIP results in extensive dissociation and/or excitation of gaseous 
species. Although it is beyond the scope of this discussion to examine all these 
interactions, it suffices to mention the products of these interactions are usually more 
reactive than the parent molecules, and this enhancement of chemical activity is the key to 
the understanding of the growth mechanism.
The higher chemical activity is conducive to greater supersaturation in the gas stream 
which, when coupled with the thinner boundary layer in the MIP because of higher 
operating pressure, further increases the likelihood of nucléation. On the contrary, in DC 
plasma nitriding, the lower supersaturation in conjunction with thicker boundary layer 
renders the nucléation more difficult and the deposition front proceeds by the growth of 
existing grains.
7.3.1.2. Plasma-Surface Interactions
As shown previously in Fig. 7.1 a diverse range of plasma-surface interactions are 
possible during PACVD as a function of ion energy or applied substrate bias 
(accelerating voltage). The dividing line between MIP and DC plasmas was conveniently 
drawn at around 30 eV. In the following sections, the changes that occur by high energy 
ion bombardment (30 eV<U<l KeV) and low energy ion bombardment (<30 eV) are 
discussed. The former typifies the prevailing ion bombardment induced morphological 
changes in DC plasma nitriding while the latter enables us to gain an insight into the effect 
of plasma interaction on the morphology of the compound layer in MIP nitriding of 
titanium.
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7.3.1.3. High Energy Ion/  Neutral Particle Bombardment
It is generally accepted that in DC plasma thermochemical treatments, such as nitriding 
and carburising, the high energy ion or neutral species can cause sputtering and promote 
reactions at the substrate surface by breaking chemical bonds to create adsorption sites. 
Indeed, Chapman (1980) asserted that the removal of any kinetic barrier to adsorption 
onto a metallic surface, coupled with the ability to produce, via sputtering and hydrogen 
reduction, an oxide-free surface by the use of a chemically active Ar/H2 plasma, forms the 
basis for the plasma surface treatments. Jacobs et al. (1985), attributed the efficient mass 
transfer during plasma carburising to ion bombardment and sputtering enhancing surface 
mobility, thus allowing ready transfer of carbon onto the surface.
Based on the above discussion, it is proposed that in DC plasma nitriding of titanium 
alloy, the high energy ion bombardment can influence the growth morphology in two 
ways. First, the sputtering accentuates the surface irregularities, thus, making the growth 
front unstable. Second, the impinging energetic ions increase the surface mobility of 
atoms. The increased surface mobility has an identical effect as increasing the deposition 
temperature in conventional CVD, i.e. enhancing the growth of existing nuclei. In 
conventional CVD processes, the microstructure of the coating is dictated largely by the 
deposition temperature. The effect of increasing temperature in CVD process is to 
promote the surface diffusion of atoms which removes the effects of atomic shadowing, 
thereby promoting the formation of dense, pore-free coatings by bombardment induced 
rather than thermally induced atomic movements (Messier, 1984). Similar phenomenon 
has been observed in PACVD and recent work by Lorenz (1988) and others suggests that 
the pin-hole density in PACVD titanium nitride films may be significantly less than those 
obtained in similar layers deposited by PAPVD methods.
7.3.1.4. Low Energy Ion/ Neutral Particle Bombardment
Relatively low energy ion and neutral bombardment (often<30 eV) can also influence the 
growth kinetics of PACVD coatings and thereby affect the density, grain size, 
morphology and microchemistry (Greene, 1987). For instance, Veprek (1985) has 
shown that in PACVD of titanium nitride, the nitrogen deficiency, due to low sticking 
probability for the dissociative chemisorption of nitrogen, can be obviated by ion 
bombardment. Ionic bombardment promotes the formation of energetic ions which
can be adsorbed without kinetic hindrance at a single empty site. Further it was argued 
that low energy ion bombardment can enhance the breakdown of nitrogen molecules on 
the surface. Needless to say, in the absence of ion bombardment, nitrogen dissociates 
thermally only above about 5000K in the gas phase.
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Extending the above arguments to the case of MIP nitriding, it is therefore proposed that 
the formation of high nitrogen potential, which itself is a sensitive function of plasma 
density and lower ion energy inhibits the growth of nuclei and changes the growth 
condition from a growth dominated to a nucleation-dominated process. The growth of 
existing nuclei in compound layers formed by MIP nitriding is very sluggish because of 
the low surface mobility. The low surface mobility is controlled by ion energy or more 
accurately, the electrical potential of the substrate surface relative to that of the plasma 
which is very low for MIP.
7.3.2. The effect of Hydrogen Content on The Morphology of the 
Compound Layer
The last issue to be addressed regarding the morphology of the nitrided layer in the MIP is 
the effect of gas composition, in particular the hydrogen content. As reported previously, 
a plate-like and a pyramid-like growth morphologies were evident in high (75%N2- 
25%H2) and low (50%N2-50%H2) nitrogen content gas mixtures, respectively. 
Increasing the hydrogen content in the gas mixture, the degree of supersaturation will be 
decreased and the growth front becomes unstable. The surface irregularities have to 
stretch further into the boundary layer to attain high deposition rate. This situation is 
bound to favour growth of existing grains and changes the morphology from a plate-like 
to a pyramidal one.
7.3.3. Colour
X-ray diffraction analyses confirmed the presence of the TiN on the surface of titanium 
after nitriding by both DC plasma and MIP. However, the colour of TiN varied 
significantly for the two nitriding processes. The DC plasma nitrided specimens generally 
displayed a dark brownish colour whereas the MIP nitrided specimens exhibited a 
uniform golden colour. Furthermore, increasing temperature, time or nitrogen content of 
the gas resulted in a less lustrous surface and darker tones of TiN colour, i.e. the colour 
shifted towards more brownish/reddish tones.
As mentioned in section 2.9., the most comprehensive work regarding the colour of TiN 
was conducted by Perry and Schoenes (1986) who proposed a simple ionic model which 
takes into account the effects of plasma frequency and free carrier concentration in the 
TiN. Perry and Schoenes applied their model to explain qualitatively the colour variation 
of TiN films deposited by an ion plating system and emphasised the importance of the 
stoichiometry (nitrogen content), lattice distortion and texture.
Although X-ray diffraction spectra presented in chapter 6 (see Figs. 6.21, 6.26, 6.31,
6.34 and 6.37) support the presence of some crystallographic texture for specimens
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nitrided by DC plasma or MIP. However, X-ray analysis indicated that the diffraction 
peaks for DC nitrided specimens were broader than those of the MIP specimens. Also, 
slightly larger lattice parameters were measured for MIP nitrided specimens. This effect 
suggests that the lattice of DC plasma nitrided specimens was more distorted. It may be 
therefore deduced that lattice distortion of the TiN phase in the DC specimens were 
significant enough to shift the colour of the TiN to the red, as suggested by Perry and 
Schoenes.
The reasons for larger distortion of lattice in DC plasma nitrided specimens could be 
attributed to either residual stress or superstoichiometry. Unfortunately, in this work no 
information regarding the residual stress was obtained, but it is a well established fact that 
high ion energy bombardment could produce significant stresses in the film (Klemberg- 
Sapieha, 1990). Thus, the possibility of higher residual stress in DC plasma nitrided 
titanium because of higher ion energy bombardment cannot be discounted.
One possible evidence for superstoichiometry may be obtained from the NRA nitrogen 
profiles presented in Figs. 6.45 and 6.46 which also show that the nitrogen content at the 
surface of DC specimens was slightly higher than that for MIP. According to Perry and 
Schoenes, superstoichiometry would result in a shift towards the red and the formation of 
a deeper colour.
It should be pointed out that superstoichiometry does not contradict the smaller lattice 
parameters obtained for DC plasma nitriding. In fact work by Brager (1939), cited in 
Pearson's Handbook of Lattice Spacings (1958), show that although the lattice spacing 
increases with nitrogen content up to the stoichiometric level, beyond that the lattice 
parameter diminishes.
It is interesting to mention that the TiN layer on the surface of DC plasma nitrided 
specimens not only had a slightly higher nitrogen content but was also richer in hydrogen 
too. The GDOES profiles shown in Figs. 6.48 and 6.49 clearly prove this point. The 
reason for this behaviour has been described in detail in the section dealing with the 
microstructure of compound layer. The higher hydrogen content increases the charge 
transfer from the metal ions and an increase in the lattice volume. Both effects would 
contribute towards further shift in the colour of TiN from yellow to the red.
The influence of nitrogen content on colour becomes evident while comparing the surface 
of the specimens MIP nitrided in high and low nitrogen content gas mixtures. Higher 
hydrogen content in the gas mixture resulted in less nitrogen in the TiN and, hence, 
lighter yellow colour.
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7.4. Microstructure of MIP and DC Plasma Nitrided Titanium
Despite the lack of unanimity amongst researchers regarding the mechanism(s) of plasma 
nitriding of titanium alloys, there is little disagreement in respect of the surface 
architecture that develops on nitrided Ti-6A1-4V. Generally speaking, the outermost 
surface consists of a thin layer of 5-TiN followed by an underlying layer of 8-Ti2N. A 
nitrogen-stabilised a-Ti diffusion zone (alternatively known as a-case) consisting of 
interstitial nitrogen in solid solution is present below 8-Ti2N layer. Finally, a nitrogen 
rich layer might be present at the interface between the a-case and the core (Bell- 1986, 
Bell-1994, Morton-1991, Tesi-1989, Bell-1984, Rolinski-1988, Brading-1992, Bacci- 
1992, Raveh-1990).
In the present investigation, similar architecture was observed after DC and MIP nitriding. 
This is to be expected because nitriding is a diffusion controlled process and the evolution 
of surface layers will be governed by the diffusion profile of nitrogen and will ultimately 
reflect the Ti-N phase diagram. Nevertheless, it was observed that the evolution of 
microstructure was critically dependent on the mode of plasma excitation. In particular, 
the thickness and microstructures of the compound layer, diffusion zone and core were 
found to be significantly different for MIP and DC plasma nitriding. In the following 
sections, some of the most important microstructural differences between the two 
nitriding treatments are discussed with reference to the most revalent process parameters.
7.4.1. Compound Layer
7.4.1.1. Constitution of the Compound Layer
X-ray diffraction revealed that the compound layer formed on the MIP nitrided specimens 
was predominantly composed of TiN with a small amount of Ti2N. In contrast, Ti2N was 
found to be the major constituent of the compound layers formed on the DC plasma 
nitrided specimens. Nitrogen depth profiling by EPMA and NRA corroborated these 
findings and further established that the nitrogen concentration diminished gradually 
throughout the compound layer of MIP nitrided specimens. Higher nitrogen 
concentrations were detected in the TiN layer on DC plasma nitrided specimens in 
addition to a thick Ti2N layer, as evident by the presence of a flat region, at around 30
at.%, in the nitrogen profile.
It is believed that two factors player crucial roles in the formation of a thick Ti2N layer on 
DC plasma nitrided specimens; namely, (1) high re-sputtering of nitrogen from the 
surface and slow diffusion rate of nitrogen through Ti2N. To demonstrate how these 
factors controlled the evolution of the compound layer one must consider the sequence of 
events leading to the formation of the nitrided layers. In particular, the plasma/surface
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interaction must be compared in the two nitriding processes as the key to the 
establishment of nitrogen content at the surface. Furthermore, it should be borne in mind 
that the thickness of layers will be ultimately determined through interplay between; (1) 
the rate of nitrogen diffusion through the layer relative to the diffusion rates in adjacent 
layers, (2) the range of composition within which the phase in question can exist, and (3) 
on the rate at which nitrogen can be consumed by the metal of the previous layer 
(Rennhack et al 1968).
As discussed previously in Section 7.3, in MIP nitriding the growth of compound layer is 
nucleation-dominated and nitriding commences with the reaction of sputtered titanium 
atoms with nitrogen ions/excited neutrals in the gas phase, or more precisely in the 
composition boundary layer. The high pressure operating in the MIP ensures sufficient 
collisions and re-deposition of TiN on the surface. Growth of the layer takes place by 
continuous deposition, through the formation of new TiN nuclei, and inward diffusion of 
nitrogen into the substrate. Because of the low energy of ionised species in the MIP it is 
believed that concurrent re-sputtering of titanium and nitrogen from the surface is limited 
and sputtered material is replenished by fresh nitrogen and titanium atoms arriving at the 
surface.
According to the above model, the surface of MIP nitrided titanium is covered by TiN 
immediately from the inception of the process. As nitriding progresses, a steep nitrogen 
profile is established throughout the TiN layer, since it can exist over a broad range of 
nitrogen concentrations and rapid layer growth is possible. The rate of layer growth is 
controlled by the diffusion rate of nitrogen through the layer which, in turn, is controlled 
by the nitrogen content at the top and lower surfaces of TiN. Similarly the diffusion rate 
of nitrogen to the substrate is determined by the concentration difference between the 
lower part of the TiN and the nitrogen content in the upper layer of the substrate.
Ti2N will only form when the nitrogen content at the interface reaches near the 
stoichiometric range for this phase, i.e. around 30 at.%. At the lowest pressure (60-70 
mbar) and shortest time (4  h ) of MIP nitriding the presence of Ti2N layer as a dominant 
phase of the compound layer could be explained by this model based on the lack of 
nitrogen at the interface of compound layer and a-case or substrate.
In DC plasma nitriding, the high energy ion bombardment continuously sputters nitrogen 
from the surface. It is, therefore, not inconceivable that, at least in the early stages of 
nitriding, the surface layer is composed of Ti2N instead of TiN. The narrow range of 
stoichiometry of Ti2N in conjunction with the lower rate of net nitrogen arrival at the 
surface and slow rate of diffusion of nitrogen in this phase retards inward diffusion of 
nitrogen. In other words, Ti2N acts as a diffusion barrier and starves the substrate from
Chapter Seven Discussion 111
the supply of nitrogen. As will be shown later this effect also has an important bearing on 
the development of a-case in DC plasma nitriding.
Another critical feature of DC plasma nitriding is the fact that the growth of the compound 
layer occurs by the growth of existing nuclei. Therefore, it is envisaged that a thick Ti2N 
layer will form until the time when sufficient nitrogen has accumulated on the surface to 
allow nucléation of TiN. Even after the TiN has formed the inward diffusion of nitrogen 
would still be impaired because of the presence of a thick Ti2N layer. Thus, it is not at all 
surprising that the concentration of nitrogen on the surface of DC plasma nitrided 
specimens was higher than those on MIP nitrided specimens. Indeed the higher nitrogen 
concentration is manifested as a darker, more reddish colour, as discussed previously in
7.3.3.
7.4A.2. The Thickness of The Compound layer
The thickness of the compound layer for both MIP and DC plasma nitriding increased 
with increasing treatment temperature and time, in accordance with the fact that the growth 
is diffusion controlled (Rie, 1985). Similar observation has been reported by other 
investigators (McQuillan, 1956 -Xu, 1978 -Sioshansi, 1984, Bragnaza et al., 1979). A 
slight difference in the thickness of the compound layer could be ascertained after DC 
plasma nitriding in different gas mixtures. However, for MIP nitrided specimens, 
thicknesses of 4.2 and 2 pm were found for treatments in 75%N2-25%H2 and 50%N2- 
50%H2, respectively.
A number of reasons have been proposed to explain the effect of hydrogen on the growth 
kinetics of compound layer in DC nitriding. For instance, Hudis (Hudis, 1973) ascribed 
faster kinetics to the presence of nitrogen-hydrogen molecular ions in the discharge 
leading to an increase in the ion current density and, hence, faster nitriding rate. Easier 
dissociation of nitrogen molecules to active nitrogen atoms in the presence of hydrogen 
was mentioned by Xu and Zhang (1978) as the main reason for increased reaction rate. 
Depassivation of the oxide layer on the surface by hydrogen is also suggested by several 
researchers (Lanagan, Rolinski, (Molarious, 1985). The oxide layer is removed both by 
physical (sputtering) and chemical (etching) processes.
Since the partial pressure of hydrogen in MIP nitriding is about 20 times higher than that 
in DC plasma nitriding, it can be expected that the effect on its kinetics will be more 
pronounced. In other words, it is proposed that in MIP there already exist sufficient 
hydrogen even in the 75%N2-25%H2 gas mixture to ensure adequate depassivation. 
Further increase in hydrogen reduces the effective nitrogen concentration without any 
more improvement in depassivation. Consequently, lower effective nitrogen 
concentration results in lower nitriding kinetics.
Chapter Seven Discussion 178
7.4.1.3. Crystallographic texture
Variations in peak intensity was observed for both MIP and DC plasma nitrided 
specimens, as a function of processing parameters, indicating preferred orientation in the 
compound layer. Unfortunately, detailed texture analysis was not possible in the time 
available in the present investigation, and the validity of these observations cannot be 
verified.
7.4.2. Al-rich Layer
Beneath the compound layer for specimens MIP and DC plasma nitrided at 800 and 
900°C, and in MIP specimens nitrided at 1000°C lies a discontinuous and patchy sublayer 
which is strongly attacked by the etching agents. This layer is confirmed by EPMA to be 
an Al-rich phase (up to 1 lwt.% Al), approximately 2 to 5 pm thick. The thickness of the 
layer matches the value obtained by optical and SEM examination.
A similar layer has been observed by Lanagan (1988) who reported a continuous Al-rich 
phase but did not elaborate on the nitrogen content of this layer. In this work the average 
of the nitrogen content detected by EPMA was about 4 wt% in this layer which is contrary 
to the findings of Rolinsky who suggested, based on X-ray diffraction results, significant 
nitrogen concentration (25 at.%) in this layer. Although the exact structure of this phase 
has yet to be determined, it is thought to consist of titanium aluminium nitride because of 
its high hardness value. It appears that during nitriding, aluminium was rejected from the 
nitride compound layer and the high nitrogen content alpha phase immediately adjacent to 
it. This leads to a build-up of aluminium at the interface within the diffusion zone.
According to Lanagan (1988) the full implications of this alloying element segregation 
within the diffusion zone and its possible influence on growth kinetics is not fully 
understood. The data obtained from both EPMA and GDOES analyses revealed 
aluminium contents of up to 11 wt.%.
A very thin continuous layer (5 pm) can be observed on the SEM micrograph of the DC 
plasma nitrided specimen presented in Fig. 6.30. This layer resembles the a-case present 
in the MIP nitrided specimens, albeit much thinner (cf. 6 and 40 pm). This layer also 
appears to be continuous with the a  grains in the core structure. However, the EPMA 
profiles shown in Fig. 6.32 unequivocally indicate that this layer is essentially aluminium 
rich with negligible nitrogen content and should not be confused with a-case. In fact an 
appreciable amount of nitrogen (10 at.%) was only detected at a depth of 10 pm below 
this layer.
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7.4.3. Diffusion Layer
One of the most striking and obvious differences between the specimens nitrided by MIP 
and DC plasma appears to be the thickness of diffusion zone, or more specifically, the a  - 
case. The thickness of the diffusion zone for MIP nitriding, as determined by cross 
sectional examinations using optical microscope, SEM, EPMA, GDOES and hardness 
measurement, appears to be at least an order of magnitude greater than that for DC 
nitriding.
Before discussing the underlying reason for the development of a thick diffusion zone in 
MIP nitriding one point has to be highlighted. The maximum nitrogen concentration of 
the diffusion zone measured in this work, for both MIP and DC plasma nitrided 
specimens, never exceeded 15 at.% (see for example Figs. 6.22, 6.27 and 6.32). The a - 
phase in Ti-N alloys, as reported by Palty (1954), extends up to the limiting concentration 
of 22 at.% nitrogen, although Toth (1971) has quoted a slightly higher solubility limit 
approaching about 25 at.%. In the case of Ti-6A1-4V-N alloys, the maximum nitrogen 
solubility is affected by presence of alloying elements. Bacci et al. (1992), using X-ray 
microdiffraction analysis conducted on the cross-sections of Ti-6A1-4V nitrided alloy, 
have determined the variations in (101) interplanar spacing of a-phase and correlated the 
results obtained with data reported in the literature. According to their studies, the 
maximum nitrogen content is 15 at.% which is almost identical to the value measured in 
this work.
In the following sections the underlying reasons for the formation of a thick diffusion 
layer in MIP nitriding are discussed with respect to the treatment temperatures.
7.4.3.1. MIP Nitriding at High Temperature (1000 °C)
The p transus temperature for Ti-6A1-4V is 980°C, hence, MIP nitriding at 1000°C takes 
place in the p phase. Bergner (1983) has shown that the diffusivity of nitrogen in p-Ti is 
two orders of magnitude higher than that in a-titanium, Fig. 7.3. Therefore, it is not too 
surprising that, at high treatment temperature in an all p structure, nitrogen would diffuse 
very deeply into titanium. However, nitrogen is a strong a stabiliser and as its 
concentration in the P phase increases the microstructure changes from p to a  and finally 
a thick a-case will form.
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Fig. 7.3. Diffusivity o f nitrogen in ¡3 -Ti
Unfortunately, attempts to use DC plasma nitriding at 1000°C were unsuccessful and it is 
not possible to ascertain whether the thickness of diffusion zone would have been 
different. It should be emphasised that the existence of a continuous a-case in high 
temperature nitriding (1000°C) has been reported by several researchers using DC plasma 
nitriding (Rolinsky, 1989). Rolinsky obtained a 40 pm thick diffusion zone after DC 
plasma nitriding at 1030°C for 9 h and Bell et al reported a 15 pm thick diffusion zone 
after nitriding at 1000°C for 3 h. Both these values are lower than the thicknesses 
obtained in this work and it is not inconceivable that some other parameters may have 
influenced the nitrogen mass transfer into titanium. One such parameter could be the 
hydrogen pressure which will be discussed further in the case of treatment at 900 °C.
7.4.3.2 MIP and DC Plasma Nitriding at Intermediate Temperature 
(900 °C)
MIP nitrided specimens exhibited a deep a-case (~ 35 pm) whereas the DC plasma 
nitrided specimen only displayed an ~5 pm thick zone. The thickness of a-cases reported
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by other researchers investigating DC plasma nitriding, (Bell, 1994 -Rolinsky, 1989) are 
in general agreement with those observed in this study. It should be pointed out that there 
appears to be some confusion in the quoted figures in the literature. The difficulty 
associated with the determination of the thickness of the shallow a-case in DC nitrided 
specimens by cross sectional microscopy has prompted some researchers to use 
microhardness traverses. In author’s opinion, this procedure, although capable of 
yielding the total depth of hardening, is fundamentally flawed if used for determination of 
a-case. In this work a-case is regarded as that part of the diffusion zone where a 
continuous, wholly a-titanium layer, is present.
The considerable difference between the thickness of the a-cases in the two nitriding 
methods is believed to be due to two factors. First, the higher absolute and partial 
pressures of hydrogen in MIP and, second, the presence of a thick Ti2N layer in the 
compound layer of the DC plasma nitrided specimens.
In MIP nitriding the total working pressure at 900°C was about 70 mbar and the partial 
pressure of hydrogen for 50%H2/50%N2 gas mixture is calculated to be around 35 mbar. 
The high hydrogen pressure results in high mass transfer to the specimen. Hydrogen 
stabilises the (3-phase and although the treatment temperature (900°C) is below the (3 
transus (980°C), the structure is expected to change from a/(3 to a wholly p one.
The diffusion of nitrogen in P is much faster than in a, thus resulting in deep diffusion of 
nitrogen. Similar to the case of high temperature treatment, as the concentration of 
nitrogen in p increases it becomes unstable and reverts to a . The eventual outcome of 
these processes is the formation of a thick a-case.
In DC plasma nitriding, the absolute pressure is lower than in MIP (5 vs. 70 mbar) and 
for a 50%H2-50%N2 gas mixture the partial pressure of hydrogen would be 
correspondingly lower. It is therefore expected that the supply of hydrogen to the 
specimen would be much lower than in MIP. Perhaps more importantly, the supply of 
hydrogen in DC plasma nitriding is also restricted because of the formation of a thick 
Ti2N layer in the compound layer. Ti2N is known to be an effective diffusion barrier for 
both hydrogen and nitrogen while TiN is permeable to both hydrogen and nitrogen. In 
fact Ti2N has been used to coat the wall of fusion reactors to inhibit the inward diffusion 
of tritium (Branganza, 1979).
The combined effect of lower hydrogen partial pressure and diffusion barrier 
characteristic of Ti2N is to significantly reduce the amount of hydrogen that diffuses into 
the surface. Consequently, no conversion to p phase will occur and treatment at 900°C
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will be carried out in the original microstructure, i.e. a/p. The low diffusivity of nitrogen 
in a  means that only a shallow a-case will form.
7.4.3.3. MIP and DC Plasma Nitriding at Low Temperature (800 °C)
Similar to the case of intermediate treatments, the specimens MIP nitrided at 800°C 
showed a much thicker a-case than DC plasma nitrided specimens. In fact it proved 
impossible to unequivocally determine the presence of a continuous a-case for DC plasma 
nitriding. It is believed that high hydrogen supply in MIP nitriding was again responsible 
for the formation of a thick a-case.
In addition to the continuous a-case, MIP nitrided specimens also exhibited large 
discontinuous a  grains that had penetrated to the core. As the MIP nitriding was 
continued for longer times the thickness of the continuous layer increased but the depth of 
discontinuously grown a  grains decreased. This phenomenon can also be explained with 
reference to the diffusion of hydrogen and nitrogen. It is proposed that, at the initial 
stages of treatment, the hydrogen diffuses into the surface and converts the structure of 
the surface to a wholly p phase up to a certain depth. Beyond this depth further hydrogen 
diffusion is only possible along suitably oriented grains resulting in partial transformation 
to p. Nitrogen diffusion into the wholly P surface layer results in continuous a-case 
formation and nitrogen diffusion along partially transformed P grains results in the 
formation of deep discontinuous a  grains. As the continuous a-case is formed the 
diffusion of nitrogen will be slowed down because of the lower diffusivity of nitrogen in 
a  titanium compared to p phase. However, hydrogen can still diffuse through the 
continuous a-case because of its intrinsically high diffusivity. As the hydrogen is 
accumulated underneath the continuous a-case a higher proportion of discontinuously 
grown a  grains will be converted back to P, reducing the depth of the discontinuously 
grown layer.
7.4.5. The Core Structure
Generally, no significant difference was observed between the core microstructure of the 
Ti-6A1-4V after DC plasma nitriding at 800 and 900°C and the as-received material which 
consisted of primary a  plus Widmanstatten intergranular transformed p. This 
observation is in accordance with those made by Lanagan (1988) who suggested that DC 
Plasma nitriding has a similar effect on the core microstructure of titanium alloys as a 
prolonged solution treatment followed by cooling at a rate somewhere between that of air 
cooling and furnace cooling. It is, therefore, not unexpected that DC plasma nitriding, 
except for long treatment times which caused slight coarsening of grains, did not alter the 
microstructure.
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MIP nitriding at high temperature (1000°C) produced a fine core microstructure consisting 
entirely of decomposed (3 exhibiting a Widmanstatten morphology. No evidence of any 
primary a  grains could be detected, suggesting that the microstructure was wholly (3 at 
the treatment temperature, as might be expected from the transus temperature. The prior (3 
grains are delineated by a grain boundary film. Unfortunately, X-ray diffraction failed to 
identify the exact nature of the transformed (3 phase, but comparison with published 
microstructures (Brooks, 1983) in similar systems suggests that the microstructure 
probably consists of a ” orthorhombic phase formed by a martensitic transformation plus
p.
The presence of a martensitic structure is not entirely inconceivable if rapid cooling from 
treatment temperature had occurred. Bearing in mind that in MIP reactor the specimen 
was cooled to below 500°C in about 1 minute it is not at all unjustifiable to expect that 
martensitic reaction has occurred. This fast cooling rate was achieved since the specimen 
was small and cooled rapidly in a water cooled chamber under a flowing gas condition. 
The reason that the microstructure is not entirely martensitic or the volume fraction of 
martensite is not sufficient to be detected by XRD (approximately 5 vol.%) is due to the 
fact that the Mf for this alloy is below room temperature and some (3 will remain in the
structure.
The microstructure of the core of specimens MIP nitrided at 800 and 900°C also consisted 
of completely transformed (3 having a fine Widmanstatten a ” structure within large grains 
of prior p grains, Fig. 6.30. The existence of such a structure is unexpected because the 
treatment temperatures were below the P transus (980°C) for the alloy. Thus, there must 
be a more fundamental reason for the formation of this structure.
7.4.5.1. The Role of Hydrogen in The Evolution of The Core Structure
It is proposed that the main reason for the formation of this structure is the presence of a 
large quantity of hydrogen in the core of material during MIP nitriding. This hypothesis 
is strongly supported by the hydrogen profiles obtained by GDOES which indicated deep 
diffusion of hydrogen into the specimen (see Fig. 6.48) MIP operates at high partial 
pressure of hydrogen and the absence of significant quantity of Ti2N in the compound 
layer, at least in the initial stages of nitriding, means that high hydrogen concentration can 
be built up in the core, Fig. 6.48.
Hydrogen is a P stabilising element and in appreciable quantity can lower the p transus 
temperature. For instance, Ti-6A1-4V containing 1.35 wt.% (35 at.%) hydrogen 
transforms completely to p at around 800°C as opposed to 980°C for the hydrogen-free 
alloy (Kerr, 1985 and 1987). Therefore, although the nitriding temperatures at 800 and 
900°C were initially below the p transus temperature for the starting material, as the
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hydrogen content increased during nitriding the |3 transus temperature continuously 
decreased.
Ultimately, when a sufficient amount of hydrogen accumulated in the core, the (3 transus 
temperature dropped below the nitriding temperature and the structure was converted from 
ot/(3 to a wholly P one. Upon cooling after nitriding at 800 and 900°C, the structure 
underwent martensitic transformation and the final microstructure consisted of a ”H and 
PH- The subscript (H) denotes the presence of dissolved hydrogen in the phases present.
It should be emphasised that the role of hydrogen in nitrided microstructures has not been 
previously discussed by other researchers. Hitherto, the main functions of hydrogen in 
nitriding has been identified to be the beneficial influences on plasma characteristics and 
depassivation of the surface. The adverse effect of hydrogen on fatigue strength of 
nitrided commercially pure titanium has been attributed to the precipitation of hydrides in 
the structure (Lanagan, 1988).
The eutectoid temperature for Ti-H system is around 300°C and precipitation of hydride 
is, hence, feasible. Lanagan has also attributed the deterioration in fatigue strength of the 
nitrided Ti-6A1-4V to the presence of hydrides in the a-case. Unfortunately, no evidence 
of hydride precipitation was provided. Bearing in mind that in Ti-6A1-4V-H system the 
eutectoid temperature is around 800°C which precludes the precipitation of hydrides, 
Lanagan’s assertion remains unconvincing. Other possible reasons for deterioration of 
fatigue properties could be the large grain size of the a-case or the presence of dissolved 
hydrogen.
To prevent severe embrittlement of titanium alloys, pure nitrogen has been recommended 
for plasma nitriding by several workers (Rie, 1985 -Bell, 1986 -Bollinger, 1977). On the 
other hand, nitrogen-hydrogen plasmas have frequently been used to accelerate the 
kinetics of the nitriding process. The rate of nitriding is reported to be higher in nitrogen­
hydrogen plasmas than in pure nitrogen (Bell, 1986, Matsumoto, 1982). The dominant 
species found in nitrogen plasmas are N+ and N2 + ions. In a nitrogen-hydrogen plasma, 
however, there is a reduction in the N+ and N2 + ionic species in favour of H+ and N-H 
ions (NH+), which suppresses sputtering by N+ (Matsumoto, 1982). The formation of 
N-H ions decreases the energy of the ionic species in the plasma. Hydrogen has also 
been used as a pretreatment to remove oxide films on titanium prior to treatment in 
nitrogen (Brading and Bell, 1992).
However, during plasma nitriding of titanium alloys, a further factor which must be taken 
into account when considering growth rate is the role of oxygen and passive oxide films. 
It is well known that a natural passive oxide film exists on titanium alloy surfaces.
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Furthermore, during the plasma nitriding operation, oxygen may be present due to the 
natural leak rate of the reactor, moisture on the reactor walls and within the treatment gas 
itself. Titanium is likely to react with any residual oxygen present. However, hydrogen 
in the treatment atmosphere may lead to faster depassivation by increased sputtering rates 
or by the chemical reduction of the oxide. Furthermore, it may combine with residual 
oxygen within the atmosphere, effectively removing it (Salehi, 1990).
While not necessarily disagreeing with the above mentioned roles for hydrogen in 
nitriding of titanium, it must be stated that, in the author's view, the beneficial role of 
hydrogen in modifying the microstructure and properties of titanium alloys far outweighs 
other effects. The beneficial role of hydrogen, although not recognised by the researchers 
involved with nitriding, has been known for more than a decade to those concerned with 
the heat treatment of titanium alloys.
As mentioned in the literature review, the ease with which hydrogen can be added to and 
removed from titanium has been utilised to refine the microstructure of titanium alloy. In 
one such process called "Hydrovac" the titanium alloy is heated to below the ¡3 transus 
temperature. Hydrogenation of the alloy lowers the transus temperature, thus, converting 
the structure into a wholly (3 microstructure. Subsequent slow cooling results in an 
eutectoid decomposition of p to a ”H and hydrides. Vacuum annealing at a temperature
Fig. 7.4. Microstructural development to refine Ti-6Al-4V alloy using
"Hydrovac ” process
around 650 to 760 °C for prolonged time causes decomposition of hydrides and total 
removal of hydrogen from the alloy. The decomposition of hydrides further refines the 
microstructure by forming extremely fine equiaxed particles of a  and p which are 
irresolvable by optical microscope (Kerr, 1980). Figure 7.4 shows the kind of 
microstructures that can be developed by treatment in hydrogen. This unusual behaviour 
of hydrogen can be utilised in an elegant fashion for manipulation of the case and core 
microstructure of the MIP nitrided titanium alloy. While the nitrogen confers hardening to 
the surface, the hydrogen will ensure deep diffusion of nitrogen and refinement of the
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core. It is further envisaged that the detrimental effect of hydrogen can be minimised by a 
post nitriding de-hydrogenation treatment: e.g heating in an argon plasma at 700°C. In 
contrast, the de-hydrogenation treatment could not be applied for DC specimens because 
of the presence of a thick Ti2N layer which is formed on the specimens and is a good 
barrier for back-diffusion of hydrogen. According to Braganza et al. (1979), Ti2N is a 
phase being distinctly well ordered and crystalline and would be expected to exhibit the 
strongest inhibitiny effect towards hydrogen diffusion since the interstitial sites available 
for hydrogen diffusion in pure Ti are occupied by nitrogen.
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8. Conclusions
The present work has clearly established that Microwave Induced Plasma (MEP) is an 
effective means of surface nitriding the titanium alloy. The key advantages of MIP are: 
treatment uniformity, deep nitrided layer and refined core microstructure. Also, early 
indications are that MIP nitriding is faster than other nitriding processes, though this 
aspect requires further work before a definitive statement can be made.
MIP nitriding provides, for the first time, an excellent means for manipulating the case 
and core microstructures of titanium alloy in a single process. While the nitrogen confers 
hardening to the surface, the hydrogen ensures deep diffusion of nitrogen and refinement 
of the core. Fortunately, the reversible nature of hydrogen dissolution in titanium alloy 
could be utilised to eliminate the detrimental embrittling effect of hydrogen by a post 
nitriding de-hydrogenation treatment.
The key advantages of MIP compared to conventional DC plasma are undoubtedly related 
to plasma parameters as follows:
(1) MIP is an electrodeless plasma characterised by high operating pressure (60 to 90 
mbar), a relatively high electron (or particle) density (of the order of 1012 cm-3) and low 
electron and ion energies, typically around range of 3-4 eV. DC plasma, on the other 
hand, operates at moderate pressures (3-5 Torr) and results in a lower ionisation 
efficiency, almost by a factor of 10. Further, in the DC plasma the specimen is at the 
cathode potential and is subjected to high energy ion bombardment which results in 
significant sputtering from the surface.
(2) Higher degree of ionisation and dissociation in MEP typically gives rise to a higher 
yield of active species than DC plasma and significantly increases the rate of absorption of 
nitrogen onto the surface.
(3) Lower electron and ion energies in MIP nitriding substantially reduces the risk of re­
sputtering of nitrogen or dissociation of nitrides already formed on the surface, 
consequently, MIP provides uniform treatment manifested as uniform morphology and 
appearance of nitrided specimens. For MIP nitrided specimens, there is no variation in 
colour or roughness from edge towards the centre. Except for a very narrow band around 
the edge, the rest of the surface displays a uniform golden colour.
(4) Severity of sputtering, especially around the edges of the sample, is primarily 
responsible for the non-uniformity of treatment in DC plasma nitriding, manifested as 
grey/silvery rings around the periphery of the specimen, and a dark brown colour in the 
central part.
Chapter Eight Conclusions 188
(5) Excessive sputtering in DC plasma also prevents the build up of nitrogen in the 
surface of titanium in the early stages of DC plasma nitriding. Consequently, the 
predominant layer forming on the surface is Ti2N which retards the diffusion of nitrogen. 
The accumulation of nitrogen on the surface as nitriding progresses results in the 
formation of superstoichiometric TiN exhibiting a dark brownish/reddish colour. For 
MIP nitriding, stoichiometric TiN, displaying a yellow golden colour, is the major 
constituent of the compound layer.
In addition to surface appearance and uniformity, the pathways for microstructural 
evolution of nitrided titanium alloy were found to be fundamentally different for MIP and 
DC nitriding. The most salient aspects of the microstructure in the compound layer, 
diffusion zone and core of nitrided titanium are mentioned below.
( 6 ) MIP nitrided titanium alloy samples displayed a thick a-case. In MIP, the partial 
pressure of hydrogen is about 30 times higher than that in DC plasma and high hydrogen 
transfer to the specimen is readily materialised. Hydrogen is a very strong (3 stabilising 
element and in appreciable quantity can lower the (3 transus temperature. Hence, even 
though the nitriding temperature (e.g. 800 or 900°C) may be below the (3 transus (980°C) 
of Ti-6A1-4V, the structure may change from an cx/(3 to a wholly (3 one during nitriding. 
The diffusion of nitrogen in (3 is much faster than in a , resulting in deep penetration of 
nitrogen. As the concentration of nitrogen in (3 increases it becomes unstable and reverts 
to a. The eventual outcome of this processes is the formation of a thick a-case.
(7) DC plasma nitrided specimens exhibited shallow a-case. The combined effect of 
lower hydrogen pressure in DC plasma and the diffusion barrier characteristic of Ti2N, 
which is impervious to both hydrogen and nitrogen, is a significant reduction in the 
amount of hydrogen diffusion into the surface. Consequently, no conversion to (3 phase 
occurs and the titanium alloy is nitrided in the original microstructure (a/|3). The low 
diffusivity of nitrogen in a  means that only a shallow a-case will form.
(8) Another startling feature of the MIP nitrided titanium alloy is the substantial 
refinement of the core microstructure. This aspect is also attributed to the high hydrogen 
pick up by the core. When sufficient amount of hydrogen is accumulated in the core, the 
¡3 transus temperature drops below the nitriding temperature and the core structure is 
converted entirely to (3. Upon moderate cooling after nitriding, martensitic transformation 
takes place and refines the core microstructure.
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Appendix I
The relationship between the energy and frequency:
In quantum theory of electromagnetic waves the energy of a quatum of photon 
(assuming a particle nature of electromagnetic wave) is defined by
E = h v (1)
where h is the Plank’s constant (6.62 x 10-34 Js), v is the frequency and E is the 
energy of photon in Joul. Considering that 1 eV is equal to 1.6 x 10-19 J, we obtain 1 
eV/h = 2.42 x 1014 Hz. Thus, it can be shown that:
Energy of electromagnetic wave (eV) = 1.24/wavelength (pm) (2)
Interaction between the electromagnetic waves and the surface of 
materials
The dielectric responce £(co) of an electron gas to an electromagnetic wave of 
frequency co is defined by
e(co) = 1- ne2/eomco2 (3)
and the plasma frequency as mentioned in chapter two is defined by
cOp2 = ne2/eom (4 )
where e and m are charge and mass of electron respectivly.
Therefore; £(co)=l- (CDp̂ co2) (5)
An electron gas is transparent when co > (Dp. Values of the plasma frequency C0p and 
of the electromagnetic wavelength of the free space Xp = 27tc/cOp (cutoff-wavelength) 
for a range of the electron concentrations are given in Table 5.1.
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Table. 5.1. Values of the plasma frequency, (O p , and the electromagnetic 
wavelength, Xp, and its energy, eV, for a range of the electron densities. (As a 
reference: Red, yellow and blue in the visible spectral region have a wavelength of 
0.62, 0.55 and 0.47 pm and a photon energy of 1, 2.25 and 2.64 eV respectively).
n, electrons cm-3 1022 101» 1014 10'°
© p , S'1 5.7 x 1013 5.7 x 1013 5.7 x 1011 5.7 x 109
V  ILim 3.3 x 10-r 3.3 x 101 3.3xl03 3.3xl04
Photon Energy, 
1.24Ap,(eV)
3.75
ultrviolet
3.75xl0-2
Near
Infrared
3.75xl0"4
Microwaves
3.75xl0-6
Microwaves
A wave will propagate if its free space wevelength is less than Xp\ otherwise the wave 
is reflected. Therefore, metals should reflect light in the visible region. The reflection 
of light from a metal is entirely similar to the reflection of radio waves from the 
ionosphere.
The electron gas in a metal has certain oscillations, known as plasma oscillations. 
The plasma oscillation in a metal is a collective longitudinal excitation of the 
conduction electron gas. The electron gas is moved as a whole with respect to the 
positive ion background. The displacement u of the electron gas creates an electric 
field E=neu/£o that acts as a restoring force on the gas (kittle, 1985).
The quantum of plasma oscillation in a metal is the plasmon (Walker, 1970). We 
may excite a plasmon by passing an electron through a thin metallic film or by 
reflecting an electron or a photon from a film. The charge of the electron or the 
electric field of the photon couples with the electrostatic field fluctuations of the 
plasma oscillations. However, in a dielectric the plasma oscillation is physically the
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same as in a metal: the entire valence electron sea oscillates back and forth with 
respect to the ion cores.
The usual way to determine the optical properties of a solid is to shine monochromatic 
light onto an appropriate sample and then to measure the reflectance or transmittance 
ofthe sample as a function of photon energy. In the spectral regions of greatest 
interest, optical absorbtion is generally quite high, so that often a negligibly small 
fraction of the incident light is transmitted. For example, in the visible and ultraviolet 
regions, many materials have a mean absorption depth of the order of only 100 A. 
Thus, most experiments are measurements of the reflectivity. When light of sufficient 
energy shines onto a material, it induces transitions of electrons from occupied states 
below the Fermi energy to unoccupied states above the Fermi energy.
The classical theory of absorption is due mainly to Lorentz and Drude. The Lorentz 
modle is applicable to insulators and the Drude model is applicable to free-electron 
metals which its quantum mechanical analog includes interband transition. The 
equation (4) is based on the Drude model. For an ideal free-electron metal, the 
reflectivity approches unity below the plasma frequency of the electron gas of the 
metal, above the plasma frequency, the metal is transparent and the refletivity 
decreases rapidly with increasing frequency. The plasma frequency typica;ly lies in 
the visible or ultraviolrt spectral region. That corresponds to co > 1015 sec-1.
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s .
No.
5- Ti Pow JCP 1988 
682 pure der DS
Ti
hkl
2
theta
M o
%
Ti
hkl
M o %
ord.
No.
100 35.07 30 101 100 1
002 38.41 26 100 30 2
101 40.16 100 002 26 3
102 53.02 19 102 19 4
*
110 62.98 17 110 17 5
103 70.68 16 103 16 6
200 74.29 2 112 16 7
112 76.32 16 201 13 8
201 77.34 13 200 2 9
S.
No.
Ti-64 as recei trans cross 
ved verse -sec.
aTi
hkl
2
theta M o
%
aTi
hkl
M < ) %
ord.
NO.
100 35.44 10 0 100 100 1
0 0 2 38.58 10 101 40 2  •
blOl 39.50 11 201 15 6
101 40.49 40 b l  10 11 4
102 53.35 3 0 0 2 10 5
...? 57.09 1 2 0 0 7 6
110 63.55 6 110 6 7
103 70.99 3 112 5 8
...? 71.76 1 102 3 9
2 0 0 74.85 7 103 3 10
112 76.83 5 . . . ? 1 11
201 78.06 15 . . . ? 1 12
S.
No.
38- TiN pow JCP 1988 
1420 der DS
TiN
hkl
2
theta
m0
%
TiN
hkl
i/i0%
ord.
No.
36.67 72 200 100 1
200 42.61 100 111 72 2
220 61.83 45 220 45 3
311 74.10 19 311 19 4
222 77.98 12 222 12 5
S.
No.
17- Ti2N Sing. JCP 1988 
386 cryst DS
Ti2N
hkl
2
theta
W0
%
Ti2N
hkl
l/lo%
ord.
No.
101 34.7 10 111 100 1
200 36.3 80 200 80 2
111 39.3 100 301 80 3
210 40.8 50 311 80 4
211 51.0 50 210 50 5
220 52.3 50 211 50 6
002 61.0 50 220 50 7
301 64.3 80 002 50 8
311 67.3 80 202 50 9
320 68.4 10 212 50 10
202 73.1 50 321 50 11
212 76.0 50 101 10 12
321 76.1 50 320 10 13
